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A longstanding source of uncertainty within the climate system is our understanding of clouds 
and their response to aerosols. The resulting cloud optical property changes constitute the 
largest uncertainty in our understanding of 20th century climate change. Central to being able 
to monitor and better understand the effects aerosols composition, size and concentration 
have on cloud reflectivity are accurate observations of the cloud droplet number 
concentration. Cloud droplet number concentrations couple aerosol properties to changes in 
cloud brightness.   
In the first portion of this dissertation, I present the development and evaluation of 
two techniques for observing cloud properties. The first is a new method of observing cloud 
droplet number concentration that uses polarimetric measurements and requires relatively few 
assumptions. The theoretical derivation is first presented followed by a method of 
implementation using NASA’s airborne Research Scanning Polarimeter (RSP). I use data 
obtained during the North Atlantic Aerosols and Marine Ecosystems Study (NAAMES). 
Comparing cloud droplet number concentration retrievals with in situ measurements made by 
a cloud droplet probe during NAAMES shows strong agreement between measurements over 
a range of meteorological conditions and cloud types.  
Multilayered clouds are ubiquitous within Earth’s atmosphere, yet detecting their 
presence and height has been a longstanding challenge for passive remote sensing instruments. 
Retrieving the cloud top height is also an important part of the droplet concentration retrieval, 
 ii 
and detecting the presence of multilayered clouds supports interpreting results. For this second 
technique, I present an assessment of RSP cloud top height retrievals, which are based on the 
concept of parallax. By comparing RSP cloud top height retrievals to the Cloud Physics Lidar 
(CPL), the technique is found to be capable of determining the presence and heights of up to 
three cloud layers, which is innovative for a passive remote sensing instrument. 
A second element essential to addressing the uncertainty in cloud’s response to aerosols 
is to better understand processes and drivers of cloud properties. Air-campaign studies offer 
opportunities to study high temporal and spatial resolution measurements that are needed to 
better understand the complex processes between aerosols, clouds and meteorological 
properties. My final investigation uses the two developed cloud property retrievals, in 
conjunction with other in situ and remotely sensed data, to undertake a broad investigation 
quantifying connections observed between aerosols, clouds and meteorology. I find a well-
defined link between cloud microphysical property changes and marine biogenic aerosol 
concentrations. Changes in cloud properties are consistent with the Twomey effect, whereby 
an increase in cloud condensation nuclei is associated with increases in droplet concentrations 
and decreased droplet sizes. I also observe complex, non-linear secondary effects of aerosols 
on clouds such as cloud thinning and decreased droplet distribution width. I conclude this 
study by integrating my findings and discussing plausible linkages between aerosol, cloud and 
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Earth’s atmosphere is a vastly complex natural system that interacts with energy 
radiated by the sun. Within the atmospheric sciences, the climate science discipline 
seeks to understand the properties and processes that control the energy balance of the 
earth. Twomey (1991) presented a simplified climactic equation derived from natural 
laws that describes Earth’s global energy balance: 
 𝜎𝑇() = 1 − 𝐴 𝑆∘, 1.1 
 
with outgoing longwave radiation on the left side and incoming solar radiation on the 
ride side. The left side is based on prior work by Stefan (1879) and Boltzmann (1884) 
who state that energy radiated by a black-body emitter is proportional to the fourth 
power of its absolute temperature multiplied by a proportionality constant,	𝜎. 
However, the Earth is an imperfect emitter of radiation, with portions being 
transmitted, absorbed and re-emitted. 𝑇( encapsulates this complexity by representing 
an effective temperature, that is, Earth’s temperature as determined by a single band 
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radiometer outside of the atmosphere. The right side of the equation describes the 
amount of incoming shortwave radiation (SWR), 𝑆∘, multiplied by the complement of 
the fractional percent of radiation that is reflected back to space, known as the 
albedo, 𝐴.  
Imbalances between sides of this equation correspond to differences of 
incoming solar radiation absorbed by the Earth and longwave radiation emitted back 
to space. The net change in an energy balance due to an external perturbation is termed 
radiative forcing. Presented in this simple form, an imbalance could be instigated from 
the right side through either a change in the amount of incoming solar radiation or a 
change to the Earth’s albedo. Conversely, a perturbation could be initiated on the left 
side by a change in Earths effective temperature caused by spectral changes in the 
radiation Earth transmits to space. 
However, hidden within equation 1.1’s simplicity are immensely complex 
natural phenomena. Spectral changes in outgoing longwave radiation (LWR) emitted 
to space, affecting Earth’s effective temperature, can be caused by atmospheric 
transmissivity changes originating from chemical composition of the atmosphere, 
which I review in Gaseous Absorption, section 1.1. Changes in transmissivity can also 
be caused by changes in cloud properties and cloud cover (Cubasch et al., 2013). If we 
take solar energy incident at the top of Earth’s atmosphere to be approximately 
constant (Cubasch et al., 2013), the amount of incoming radiation can be perturbed by 
changes to Earth’s albedo. Earth’s albedo (~31%) is dominated by shortwave reflection 
by clouds (~17%), with additional contributions from land (~6%) as well as other 
molecules and particles in the atmosphere (~8%; Schlesinger & Bernhardt, 2013). 
Clouds therefore have profound role within Earth’s energy budget and changes to their 
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properties have the potential to cause significant climate feedbacks. Changes in the 
amount of reflected SWR by clouds can be categorized as either changes in cloud 
fractional cover or cloud brightness. I present an overview of clouds and their 
scattering properties in section 1.2. Small particulate matter in the atmosphere, 
aerosols, affect both sides of equation 1.1. Aerosols are strong absorbers and scatterers 
of incoming SWR and outgoing LWR. Depending on their size and chemical 
composition, aerosols can also act as cloud condensation nuclei, allowing water vapor 
to condense and form cloud droplets. A central concept within the radiative forcing of 
climate is that aerosols influence clouds and their shortwave properties in numerous 
ways. I summarize essential information on the radiative properties of aerosols and 
concepts relating to their ability to act as cloud condensation nuclei (CCN) in section 
1.3. I summarize the primary mechanisms through which aerosols influence clouds and 
their radiative properties in section 1.4. Accurately observing clouds micro- and macro-
physical properties is essential in order to quantify their radiative effects and correctly 
represent them in models. I give an overview of common instruments that are used to 
retrieve cloud properties in section 1.5. Lastly, global climate models (GCMs) are the 
current state-of-the-art tool for predicting future climate scenarios. GCMs represent 
clouds using mathematical terms, which are based on physical laws derived from 
theoretical and observational studies. Cloud processes are either explicitly represented 
in the model, or parameterized for overly complex processes or either the temporal or 
spatial scale is not resolved in the model. I give an overview of cloud’s representation 
in GCMs in section 1.6. 
A longstanding source of uncertainty within the climate system is the 
representation of clouds and their response to aerosols. These aerosol-cloud 
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interactions (ACIs) are the primary source of uncertainty in radiative forcing of climate 
and are the single largest contributor to forecasted temperature discrepancy amongst 
an ensemble of leading climate models (Boucher et al., 2013; Flato et al., 2013). This 
dissertation aims to address this uncertainty through multiple facets. A key area to 
improving our ability to understand and predict changes in climate-relevant cloud 
properties is to first accurately observe them (Seinfeld et al., 2016). Cloud droplet 
number concentration (Nd) is a central property of liquid clouds because it couples 
aerosol size and composition to cloud brightness. Accurate observations of Nd are 
central to being able to monitor and better predict the indirect effect. However, on a 
global scale, observations of Nd remain a challenge for remote sensing instruments 
because of the amount of information that needs to be retrieved and the complexity of 
processes involved. In chapter 2, I present a new method of remotely sensing Nd using 
a polarimeter. This chapter validates the new method using in situ measurements.  
Chapter 3 of this dissertation is an assessment of cloud top height retrievals 
using a multiangular instrument. The technique is innovative for a passive remote 
sensing instrument because it is shown to be capable of determining the presence and 
heights of up to three cloud layers. Determining the presence and heights of multiple 
cloud layers is important in order to accurately determine their radiative properties 
(Wang et al., 2000), but this has been a longstanding challenge for passive remote 
sensing instruments (Boucher et al., 2013). Accurate determination of cloud top height 
is also an important aspect of the Nd retrieval, and this chapter supports the 
corresponding uncertainty analysis. 
A second essential area to address the uncertainty of clouds response to 
aerosols is to better understand processes and drivers of cloud properties (Boucher et 
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al., 2013). Chapter 4 of this dissertation addresses this challenge by using remote 
sensing and in situ observations to explore correlations with atmospheric properties and 
constituents. Chapter 4 is a detailed analysis of aerosol, cloud and meteorological 
interactions. This chapter also incorporates the new polarimetric droplet concentration 
retrieval into the analysis. Chapter 5 summarizes the results of the dissertation and 
discusses implications of these findings within the field and future work. 
The remainder of the introduction is a review of concepts that place my work 
within a broader context of the Earth’s climate system, and a review of principles that 
are essential in order to understand the basis of the content presented in later chapters. 
1.1 Gaseous Absorption 
Gases within Earth’s atmosphere are capable of absorbing incoming shortwave 
radiation and emitting outgoing longwave radiation. The primary radiatively active 
gases include water vapour, carbon dioxide, ozone, methane and nitrous oxide. 
Aerosols and clouds also absorb outgoing longwave radiation and are discussed in 
sections 1.2 and 1.3, respectively. These gases absorb radiation and partially re-emit 
some of this energy downwards, where it can be reabsorbed. The warming effect 
exerted by these absorbing gases cause the surface temperature of the earth to be about 
32°C warmer that it would be otherwise. This additional warming is called the 
greenhouse effect. In a cloudless sky, approximately 60% of this warming is attributable 
to water vapour, 26% to carbon dioxide, 5% to ozone with the remaining 6% a 
combination of methane and nitrous oxide (Kiehl & Trenberth, 1997). Figure 1.1.1 
(left) shows incoming solar radiation at the top of atmosphere and at sea level. Earth’s 
atmosphere is largely transparent in the majority of the solar shortwave spectrum. 
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Absorption lines are caused by oxygen and ozone in the ultraviolet region, and mainly 
due to water vapor in the near infrared region. Figure 1.1.1 (right) shows Earth’s 
outgoing longwave spectrum. It is opaque in large areas of the spectrum with strong 
absorption features from water vapor, carbon dioxide, ozone and methane. Areas 
within each spectrum that are unaffected by these gases are called atmospheric windows. 
 
   
Figure 1.1.1: (left) Solar radiation spectrum at top of atmosphere (bold) and 
at sea level. (right) Earth’s radiation spectrum shown with blackbody 
radiation curves (dashed). Adapted from Jacob (1999). 
 
Atmospheric composition changes due to human activity have increased 
concentrations of absorbing gases. For example, carbon dioxide has increased from 
278 ± 2 parts per million (ppm) in preindustrial times (Etheridge et al., 1996) to 
413 ppm in 2019. Fossil fuel combustion and biomass burning from land use change 
have been the main contributors to increases in atmospheric carbon dioxide in the past 
few decades (Tans, 2009). Emission rates of carbon dioxide have also been increasing 
over the past 5 decades, increasing from approximately 0.8 ppm per year throughout 
the 1960’s to 2.0 ppm per year since 2001 (Hartmann et al., 2013). These changes in 
Earth’s atmospheric composition have amplified the greenhouse effect. It is estimated 
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that anthropogenic changes to earth’s atmosphere result in an effective radiative 
forcing of 2.3 (1.1 to 3.3) W m-2 (Myhre et al., 2013). 
Water vapor is the most abundant greenhouse gas and due to its broad 
absorption lines, it also is the largest absorber of LWR and SWI. It is not uniformly 
distributed ranging from about 0.01% in the coldest areas of the atmosphere up to 5% 
in hot, humid air. Through an atmospheric column, its concentration typically 
decreases exponentially from the surface. Unlike other greenhouse gases, water vapor 
is able to condense and precipitate within the atmosphere. It rarely condenses through 
homogeneous nucleation, but rather condenses onto seed aerosol particles to form 
droplets. I review basics of droplet condensation using Kohler theory section 1.3. 
Further, the maximum amount of water vapor air can hold is determined by its 
temperature through the Clausius–Clapeyron relation. Using this, it can be calculated 
that the atmosphere can hold 7% more water vapor for every degree increase in air 
temperature. Observations have found the amount of water vapor in the air to follow 
closely to what is expected from the Clausius–Clapeyron relation, resulting in an 
invariant global average relative humidity. Jin et al. (2007) found that columnar 
integrated water vapor to be increasing at a rate of 2 kg m-2 per decade. Water vapor is 
emitted into the atmosphere primarily by natural evaporative processes and is therefore 
not considered to be an anthropogenic greenhouse gas. However, increases in water 
vapor further amplify the greenhouse effect giving making water vapor a positive 
feedback. 




Cloud droplets and ice crystals form when air rises and cools to the point that 
it becomes sufficiently supersaturated for water to condense onto small nuclei. Clouds 
are collections of a large number of these very small water particles that exist as either 
liquid, ice, or both (mixed-phase). Initially, cloud droplets and ice crystals grow through 
vapour deposition and later through mechanisms dependent on cloud phase. These 
processes include droplet collision-coalescence for liquid clouds, Wegener–Bergeron–
Findeisen processes for mixed-phase clouds and through crystal aggregation in ice 
clouds. Once droplets or crystals become large enough they will fall below cloud base 
as precipitation. Clouds consist of liquid droplets at temperatures above 0°C, ice 
crystals below about -38°C and either or both phases at temperatures between (Koop 
et al., 2000). Cloud droplets readily evaporate in subsaturated air giving clouds sharp 
boundaries. Clouds are extremely variable in space and time with variation in their 
microphysical properties existing on the scale of centimetres.  
Clouds can be categorized based on their shape, height, geometrical thickness 
and optical thickness. The International Satellite Cloud Climatology Project (ISCCP) 
recognizes nine cloud types using a classification system based on their cloud top 
pressure and optical thickness. Optical thickness is a dimensionless measure of the 
amount of extinction of light passing through a cloud. These nine cloud types are 
shown in Figure 1.2.1. 
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Figure 1.2.1: The ISCCP-D2 cloud types based on cloud 
optical thickness and cloud top pressure. Adapted from 
Rossow and Schiffer (1999). 
 
Clouds can exist as small fragmentary cumulus clouds on scales as small as a 
100 m, to enormous sheets of stratus clouds spanning thousands of kilometers across 
midlatitude oceans. Annual averages reveal that clouds cover approximately two thirds 
of the globe (Stubenrauch et al., 2013). Figure 1.2.2 (a) shows global fractional cloud 
cover as measured by CALIPSO from 2006 to 2009. Patterns emerge from this with a 
high cloud fraction being observed at the Intertropical Convergence Zone, a region 
where converging warm and humid tropical air rises forming oceanic trade wind 
cumulus. The highest annually averaged low-cloud fractions are marine stratus cloud 
decks are found in subtropical regions. These regions are in the eastern parts of oceans, 
west of continents and are characterized by the upwelling of cold ocean waters and 
strong subsidence in subtropical high-pressure systems (Klein & Hartmann, 1993; 
Muhlbauer et al., 2014). These basins include the Southeast Pacific, Northeast Pacific, 
Northeast Atlantic. The Southern Ocean also has a high cloud fraction owing to the 
regular occurrence of low-pressure cyclones that form over the ocean. 
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Globally, clouds exert a top of atmosphere (TOA) shortwave radiative cooling 
effect of approximately -47 W m-2 (Figure 1.2.2b), while at the same time exert a 
longwave warming effect of approximately +26 W m-2 (Figure 1.2.2c), indicting that 
clouds have a large net cooling effect on the earths radiative balance. The net effect is 
approximately -21 W m-2 (Figure 1.2.2d). This can be compared with the radiative 
forcing due to anthropogenic emissions of carbon dioxide that is estimated to be 2.3 
(1.1 to 3.3) W m-2 (Myhre et al., 2013). Cloud’s large influence on the reflected 
shortwave and emitted longwave radiation gives them a profound role in Earth’s energy 
budget and changes to them have the potential to cause significant climate feedbacks. 
It has been shown that a 5% increase in shortwave radiative forcing would be capable 
of offsetting the forcing due greenhouse gas increases between the years 1750–2000 
(Ramaswamy et al., 2001).  
Work in this dissertation focuses primarily on liquid clouds so their optical 
properties in more detail in section 1.2.1 and their microphysical properties in section 
1.2.2. 




Figure 1.2.2: (a) Annual mean cloud fractional occurrence measured by 
CALIPSO from 2006 to 2009 (adapted from Mace et al., 2009). Distribution 
of annual-mean top of the atmosphere (b) shortwave, (c) longwave, (d) net 
cloud radiative effects. Reproduced from Boucher et al. (2013). 
1.2.1 Optical Properties of  Liquid Clouds 
Extinction, cloud optical thickness and the single scattering albedo are 
fundamental properties of liquid clouds (Hansen and Travis, 1974). First, the extinction 
coefficient (per unit length) for a distribution of spherical particles can be defined as: 
 
𝛽(45 ℎ = 𝑄( 𝑟 ∙ 𝜋 ∙ 𝑟; ∙ 𝑛 𝑟, ℎ 𝑑𝑟,=> 1.2 
 
where 𝑄( is the extinction efficiency (unitless) of a drop with radius 𝑟 (in length units), 
which is dependent on droplet size and wavelength of light and calculated using 
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Lorenz-Mie theory (Mie 1908), 𝑛 is the droplet size distribution function (in volume 
units), From this, the cloud optical thickness, 𝜏 (unitless), is defined as the vertical 
integral of the extinction coefficient: 
 
𝜏 = 𝛽(45 ℎ 𝑑ℎA> = 𝑄( 𝑟 ∙ 𝜋 ∙ 𝑟; ∙ 𝑛 𝑟, ℎ 𝑑𝑟𝑑ℎ=>A> ≈ 𝑁D 𝜎( ℎA> 𝑑ℎ, 1.3 
 
defined for distance above cloud base, ℎ, which ranges from cloud base (ℎ = 0) to 
cloud top (ℎ = 𝐻) and 𝑁D is the droplet concentration (per unit volume), which we 
assume to be constant throughout the cloud column, and 𝜎( to be the mean droplet 
extinction cross-section. The extinction cross section (𝜎() for individual droplets can 
be written as a combination of absorption 𝜎H and scattering 𝜎I cross sections:  
 𝜎( = 𝜎H + 𝜎I. 1.4 
 
The extinction, absorption and scattering cross-sections of a single droplet is 
largely determined by the projected area of the droplet: 
 𝜎( = 𝑄(𝐴, 1.5 
and  𝜎H = 𝑄H𝐴, 1.6 
and  𝜎I = 𝑄I𝐴, 1.7 
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where 𝑄H and 𝑄I are the absorbing and scattering efficiency parameters and 𝐴 is the 
droplet’s projected area. It follows that the fraction of light that is scattered rather than 
absorbed is given by the single scattering albedo 𝜔 defined as: 
 𝜔 = 𝜎I𝜎( . 1.8 
 
Scattering properties of clouds are determined from their physical properties. 
A droplet’s ability to scatter and absorb incoming light depends primarily on its size, 
the wavelength of radiation and the complex index of refraction of liquid water. The 
relation is determined using the size parameter, 𝑥, which is a dimensionless quantity 
defined as:  
 
𝑥 = 2𝜋𝑟𝜆 , 1.9 
 
where 𝑟 is the radius of the droplet, 𝜆 is the wavelength of incident light. The size 
parameter ranges from much less than 1 for air molecules to about 1 for aerosol 
particles to much greater than 1 for raindrops. The region 0.2 < 𝑥 < 1000 is commonly 
considered the Mie scattering regime and the approximate region that corresponds to 
scattering of shortwave radiation by cloud droplets.  
Figure 1.2.3 shows scattering regimes for particle, cloud droplets and raindrops over a 
range of wavelengths. 




Figure 1.2.3: Scattering regimes for particles and droplets over a 
range of wavelengths. Reproduced from Petty (2008). 
 
The direction of scattering is also dependent on the size parameter and given 
by the scattering phase function. Phase functions for a variety of size parameters are 
shown in Figure 1.2.4a. Droplets with size parameters larger than approximately 30 
begin to show features in their phase functions termed the primary rainbow, secondary 
rainbows and supernumerary bows. These features exist at scattering angles larger than 
about 137º and the shape of these features contain information on the size of the 
droplet. Figure 1.2.4b depicts scattering by spheres. Droplets with large size parameters 
scatter the majority of radiation forwards (Fig. 1.2.4b, top), while air molecules have 
much smaller size parameters and scatter radiation in a more isotropic manner (Fig. 
1.2.4b, top). 
 




Figure 1.2.4: (a) Plots of Mie derived phase functions for various values of 𝒙. (b) Scattering patterns by spheres for different values of the size 
parameter x. Reproduced from Petty (2008). 
 
Mie scattering results in a portion of the scattered light becoming polarized. 
Light can be described using the four Stokes parameters I, Q, U, V, where I is the scalar 
intensity of the light, Q represents the horizontally and vertically linear components of 
the electromagnetic wave. U represents the linearly polarized light at ± 45°. Finally, V 
represents left and right circularly polarized light, which can be generally ignored for 
atmospheric scattering of sun light. For completely polarized monochromatic light it 
follows that: 
 𝐼 = 𝑄; + 𝑈; + 𝑉;, 1.10 
 
a) b) 
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and the degree of linear polarization is defined as: 
 
𝐷𝑜𝐿𝑃 = 𝑄; + 𝑈;𝐼 . 1.11 
 
1.2.2 Microphysical Properties of  Liquid Clouds 
Liquid clouds contain droplets with radii that typically range in size from 5 µm 
to 25 µm, with concentrations ranging from 10 to 1000 droplets cm-3. Surface tension 
makes liquid cloud droplets spherical, which gives them unique scattering properties 
described by Lorenz-Mie theory (Mie, 1908). Liquid clouds can be partially 
characterized by their microphysical properties. The cloud droplet number 
concentration 𝑁D  is the number of droplets per unit volume within a cloud. It can 
be expressed as the 0th moment of the cloud droplet size distribution: 
 
𝑁D = 𝑛 𝑟=> 𝑑𝑟, 1.12 
 
where 𝑛 is the droplet size distribution function. The size of a distribution can be 
described using the effective radius 𝑟( , which is a ratio of  the 3rd moment of  the size 
distribution to the 2nd (Hansen and Travis, 1974): 
 
𝑟( = 𝑟[𝑛 𝑟 𝑑𝑟=> 𝑟;𝑛 𝑟 𝑑𝑟=> . 1.13 
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The mean droplet radius 𝑟  is another measurement of the average size of the 
droplets typically measured by in situ probes and commonly used by modellers. The 
width of the size distribution can be described using the effective variance 𝑣( , which 
is defined as: 
 
𝑣( = 1𝑟(; 𝑟 − 𝑟( ;𝜋𝑟;𝑛 𝑟 𝑑𝑟=> 𝜋𝑟;𝑛 𝑟 𝑑𝑟=> . 1.14 
 
The width of the droplet size distribution can also be represented using the 
dispersion 𝜀 , which is defined as the ratio of the standard deviation, 𝜎, of the 
distribution to 𝑟 (i.e, 𝜀 = 𝜎 𝑟; Martin et al., 1994). The dispersion, 𝜀, is commonly 
measured using in situ probes and is often used in the modelling community. It is 
common to assume a modified gamma distribution as the size distribution’s shape, 
which can be described in terms of 𝑟( and 𝑣( as: 
 𝑛 𝑟 = 𝑐𝑟 _`[ab ab𝑒`d dbab . 1.15 
 
The liquid water content 𝐿e  is defined as the mass of liquid water per unit 
volume within a cloud. The liquid water content is related to the 3rd moment of the 
size distribution (mass per unit volume; Hansen and Travis, 1974): 
 
𝐿e ℎ = 4𝜋𝜌g3 𝑟[𝑛 𝑟, ℎ 𝑑𝑟=> , 1.16 
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where 𝜌g is the density of liquid water, which is 1000 kg m-3. A simple equation that 
can be used to understand relationships between cloud properties is: 
 
𝑟( ≅ 𝛽 34𝜋𝜌g 𝐿e𝑁D _ [ , 1.17 
 
where 𝛽 is an increasing function of 𝜀 where 𝛽 = 1 + 2𝜀; ; [ 1 + 𝜀; _ [ (Liu & 
Daum, 2002). From these equations, it is straightforward to see that for a fixed 𝐿e , an 
increase in 𝑁D would cause a decrease in 𝑟( . This would have the effect of increasing a 
cloud’s brightness. 
1.3 Aerosols 
Aerosol particles primarily scatter incoming solar radiation but also interact to 
a lesser extent with outgoing longwave radiation. The impact of radiative forcing due 
to aerosol-radiation interactions (RFari, formerly termed the direct radiative effect) on 
the climate system is dependent on aerosol size, concentration and chemical 
composition. However, their composition, mass and concentration are highly variable 
in space and time (Jimenez et al., 2009). Aerosols exist in the atmosphere with sizes 
that range from nanometres to tens of micrometres. Aerosols size and composition 
depends on their source. They can be emitted directly into the atmosphere as primary 
particulate matter or formed in the atmosphere as secondary particulate matter. The 
most common primary types include black carbon, organic and inorganic species, sea 
salt and dust. Secondary organic aerosols form through chemical reactions in the 
atmosphere and include sulphate, nitrate and ammonium based particles.  
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Globally, aerosols have a significant impact on Earth’s radiative balance. The 
net global RFari is estimated to be -0.35 (-0.85 to +0.15) W m-2, implying that aerosols 
have a significant effect in the climate system and they also likely have a net cooling 
effect (Boucher et al., 2013). This RFari estimate has been improved recently owing to 
a combination of improvements in remote sensing observations, in situ measurements 
and better understanding of aerosol properties, which has allowed for models to 
improve representation of aerosols size, chemical and optical properties (Ghan and 
Schwartz, 2007; Bauer et al., 2008). Uncertainties persist largely due to their spatial and 
temporal heterogeneity and their complex radiative properties. 
A consequence of RFari is an atmospheric heating effect that results in the 
evaporation of cloud droplets thereby reducing cloud amount (Graßl, 1979; Hansen et 
al., 1997; Koch & Del Genio, 2010). This reduced cloud amount lowers the amount of 
radiation reflected back to space resulting in a positive radiative forcing. Collectively, 
these aerosol-radiation interactions are termed the effective radiative forcing due to 
aerosol radiation interactions (ERFari). This effect has been previously called the semi-
direct effect. 
1.4 Aerosol-Cloud Interactions 
Cloud droplets typically form on aerosol particles through heterogeneous 
nucleation, which is water vapor condensing onto hygroscopic particles. Cloud droplets 
rarely form through homogeneous nucleation. Aerosol’s ability to hydrate and act as 
CCN is dependent on the particle size distribution, chemical composition, relative 
humidity of the surrounding air and atmospheric dynamics (Twohy et al., 2005). The 
process of water condensing and growing to droplet size is governed by Köhler theory 
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(Köhler, 1936). The activation efficiency of aerosols is dependent on their chemical 
composition. For example, sulfate and sea salt hydrate more easily than soot, organic 
carbon and mineral particles. 
Aerosol–cloud interactions (ACIs) refer to mechanisms by which aerosol 
particles act as cloud condensation nuclei (CCN) and change physical properties of 
clouds. These changes modulate a cloud’s optical properties, which influences 
planetary albedo (Boers et al., 2006; Boucher et al., 2013). Many of these ACI 
mechanisms have been identified (Lohmann and Feichter, 2005; Fan et al., 2016; 
Denman et al., 2007).  
The instantaneous effect on cloud albedo from changes to cloud condensation 
nuclei is termed radiative forcing from to aerosol-cloud interactions (RFaci). This has 
previously been termed the “Twomey effect” or the first indirect effect (Twomey, 1977; 
Lohmann and Feichter, 2005; Lu and Seinfeld 2006). RFaci states that an increase in 
CCN results in an increase in cloud droplet number concentration (Nd) and for a fixed 
liquid water content, the increase in CCN also results in smaller cloud droplets. These 
changes result in an increase in the amount of shortwave radiation reflected by the 
cloud (Twomey, 1977). This cloud brightening from increases in droplet concentration 
due to aerosols is a central concept governing ACI. The effect of increased droplet 
concentration on cloud optical thickness is shown in Figure 1.4.1 (a). Clouds with low 
droplet concentrations are more susceptible to increases in brightness. This implies that 
the RFaci for stratus clouds in remote and unpolluted atmosphere spanning large 
swaths of the midlatitude oceans are particularly sensitive to changes to CCN 
(Twomey, 1991; Wood, 2005). Figure 1.4.1. (b) shows cloud reflectance sensitivity for 
a range of droplet concentrations and reflectances. 






Figure 1.4.1: (a) Optical thickness as a function of droplet concentration for 
Eq. 1 and using exact Mie calculations. Reproduced from Twomey (1977). 
(b) Sensitivity of cloud reflectance for a range of droplet concentrations and 
reflectances. Reproduced from Twomey (1991). 
 
Perhaps the foremost example of RFaci can be observed in ship tracks when 
aerosols from a ship’s exhaust are injected into a clean environment resulting in local 
increases in cloud cover and albedo (Figure 1.4.2; Goren & Rosenfeld, 2012). However, 
the forcing from all ship tracks globally is insignificant, exerting an estimated forcing 
of 0.4 to 0.6 mW m-2 globally (Schreier et al., 2007). 
 
 
Figure 1.4.2: Ship tracks over the Pacific Ocean. Image credit: NASA. 
 
a) b) 
Chapter 1: Introduction      
 
22
The RFaci effect is well established and has been supported by numerous 
studies (e.g., Gultepe et al., 1996; O’Dowd et al., 1999; Raga et al., 1993; Twohy et al., 
2005). For example, Figure 1.4.3 shows mean below-cloud total aerosol concentrations 
with mean cloud droplet concentration. Solid line polynomial fits indicate stratiform 
clouds and dashed indicate small cumuli. In general, continental clouds have smaller 
droplets and higher droplet concentrations than marine clouds, which is generally 
attributed to higher CCN concentrations over land (Yum & Hudson, 2002). It is 
important to note that because cloud droplet number concentration couples aerosol 
composition and chemistry to cloud brightness, it is considered to be one of the most 




Figure 1.4.3: Mean below-cloud total aerosol concentration (>0.014 µm 
diameter; <10% uncertainty) compared with mean cloud droplet 
concentration (27% uncertainty) measured using in situ probes. 
Polynomial fits for six studies. Solid line indicates stratiform clouds and 
dashed indicate small cumuli. Reproduced from Twohy et al. (2005). 
 
In addition to RFaci, many subsequent changes to cloud properties from 
aerosols have also been identified. The radiative impact of RFaci and these secondary 
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interactions are collectively named the effective radiative forcing due to aerosol cloud 
interactions (ERFaci). These secondary effects can be complicated and their effects 
non-linear. These effects also rarely act in isolation, often interacting and compensating 
one another, which makes assessing their individual impacts difficult. 
The most important secondary effects are commonly categorized as the cloud 
lifetime effect, the precipitation suppression effect and the cloud height effect 
(Albrecht, 1989; Liou and Ou, 1989; Pincus and Baker, 1994). Smaller droplets resulting 
from increased CCN coalesce to raindrop size less efficiently, thereby suppressing 
precipitation and increasing cloud lifetime (Albrecht, 1989). Both of these effects 
amount to increased cloud cover, resulting in more incoming solar radiation being 
reflected back to space. Studies have found cases where increased Nd are also associated 
with an increase in cloud vertical extent (Wood, 2007; Christensen and Stephens, 2011), 
which may partially result from decreased entrainment (Ackerman et al., 2004). 
Conversely, cases have been found where increased entrainment leads to cloud 
thinning (Wood, 2007). Depending on boundary layer humidity, an increase in droplet 
number concentrations has been shown to increase or decrease cloud liquid water path 
and cloud cover (Ackerman et al., 2004). Such secondary aerosol effects can amplify or 
diminish the first indirect effect of aerosols on radiative fluxes. A more uncertain effect 
of CCN is their effect on the width of a cloud droplet size distribution.  Studies have 
yielded uncertain results with some studies finding that the width increases with CCN, 
while other studies have found the opposite relation (e.g. Ackerman et al., 2000; Liu & 
Daum, 2002; Martin et al., 1994; Miles et al., 2000). These effects can covary and 
interact. For example, clouds in a deep marine boundary layer with low aerosol 
concentrations are susceptible to precipitation suppression, which has the response of 
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increasing cloud cover and liquid water path. The effective radiative forcing from 
aerosol radiation interactions (ERFari), refers to the scattering and absorption of 
radiation by aerosols as well as the effect of cloud evaporation caused by atmospheric 
heating by aerosols. ERFari has implications for cloud cover, however it primarily 
refers to aerosol-radiation interactions and is discussed in section 1.3.  
Collectively, these ERFaci mechanisms have a significant effect on Earth’s 
radiation budget. The Intergovernmental Panel on Climate Change’s (IPCC’s) Fifth 
Assessment Report assesses their impact to be –0.45 W m–2 with an uncertainty range 
of –1.2 to 0.0 W m–2 (Boucher et al., 2013). The magnitude of this forcing is the largest 
uncertainty in our climate system (Boucher et al., 2013) and the global ACI shortwave 
effect is the single largest contributor to temperature spread amongst the Coupled 
Model Intercomparison Project Phase 5 (CMIP5) ensemble equilibrium climate 
sensitivities (Flato et al., 2013). 
1.5 Observations of Cloud Microphysical Properties 
Observations of cloud micro- and macro-physical properties are important in 
order to deepen our understanding of clouds, processes that affect them and to 
improve their representation in models. Liquid cloud properties of interest include the 
droplet effective radius (𝑟( ; Eq. 1.13), the width of the size distribution or effective 
variance (𝑣( ; Eq. 1.14), optical thickness (𝜏; Eq. 1.3), liquid water content (𝐿e ; Eq. 1.16), 
cloud physical thickness ℎ , cloud top height and the droplet concentration (𝑁D ; Eq. 
1.12). A wide variety of instruments exist that are capable of measuring one or more 
cloud properties using a variety of techniques, each with advantages and disadvantages. 
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Of these liquid cloud properties, accurate measurements of 𝑁D are the most 
challenging. Despite being a central property of liquid clouds and an important 
component of evaluating the ERFaci, there is no operational satellite measurements of 𝑁D .  
There are two primary categories of cloud sensing instruments, in situ probes 
and remote sensing instruments. Remote sensing instruments can also be 
subcategorized as active or passive. I give an overview of the methods of operation, 
benefits and drawbacks of the most common types of instruments within each 
category. I give a more detailed description of polarimeters and in situ cloud probes 
since they are used throughout this dissertation. 
Cloud probes are instruments typically outfitted on the wing of an aircraft and 
make measurements of clouds in situ, meaning “in place”. These measurements provide 
high temporal and spatial resolution observations of cloud properties made over the 
course of minutes or hours and on scales of meters to kilometers. While an aircraft is 
profiling a cloud, cloud probes are able to almost continuously measure the droplet 
size distribution. These measurements can be combined with data taken by other 
instruments aboard the same aircraft to study small-scale processes. Generally, cloud 
probes measure cloud properties with higher accuracy than remote sensing 
instruments, particularly in heterogeneous cloud fields where remote sensors cannot 
distinguish sub-pixel changes in cloud properties. However, inherent spatial and 
temporal limitations of cloud probe measurements prevent them from conducting 
large scale studies. Cloud probes most commonly use a forward scattering 
spectrometric technique to measure droplet properties (Lance et al., 2010). Uncertainty 
arises in determining the sample volume, which is derived my multiplying the 
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instrumental sample area by the flow velocity. Calibrating cloud probes using 
standardized droplet sizes and number concentrations also leads to biases. These biases 
are on the order of 5-20% per 100 cm-3 for droplets ranging in size from 5 to 20 µm 
(Lance et al., 2010). These uncertainties are significant, particularly at higher droplet 
concentrations. These in situ observations offer high temporal and spatial resolution 𝑁D measurements on regional scales. 
Reflected radiation not only carries energy but also information about its origin, 
the medium in which it propagates and the objects that it interacted with. Remote 
sensing instruments aim to decipher this information in order to retrieve cloud 
properties. Airborne remote sensing instruments offer measurements typically on 
similar temporal and spatial scales as in situ measurements. Remote sensing 
instruments are also commonly placed on polar orbiting satellites in low earth orbit, 
enabling global observations. These satellites often have orbital altitudes of 
approximately 750 km with orbital periods of 90 minutes, allowing the same point to 
be re-measured on the scale of days. These data records can span years to decades. It 
is common for earth observation satellites to employ multiple types of instruments on 
a single platform to make simultaneous observations. A match-up technique can be 
used to bridge the gap between accurate high resolution in situ measurements and the 
global coverage offered by remote sensing instruments. Such techniques are used to 
find a correlation between measurements in order to compare observations, calibrate 
data or validate algorithms. Ideally, this requires that in situ measurements be made at, 
or approximately at, the same time as the remote sensing measurements. There are 
many types of sensors capable of remotely sensing cloud properties and they can be 
placed in two categories: active and passive instruments. 
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Active sensors rely on reflecting a self-generated electromagnetic signal off a 
target and sensing the backscattered signal. These types of instruments have the 
advantage of measuring at any time of day or season, using wavelengths of light in or 
outside of the solar spectrum, as well as having control over the illumination geometry 
of the target. The self-generated signal is optimized to maximize the retrieved 
information from the target. However, active sensors are faced with a tradeoff between 
spatial coverage, sensitivity and power requirements.  
Light detection and ranging (Lidar) instruments use a generated laser signal and 
a telescope to collect backscattered radiation. Lidars measurements are generally 
restricted to a narrow vertical column along the satellite or aircrafts path. Lidars do 
offer high vertical resolution information on cloud and aerosol properties including 
detection, backscatter coefficients and particle shape. In order to estimate layer 
extinction from the measured backscatter coefficients, the ratio of the extinction to 
backscatter coefficients (generally referred to as list ratio) of the observed particles 
needs to be assumed or inferred. In contrast to so-called elastic backscatter lidars, High-
spectral resolution lidars (HSRL) measure the spectrum of the returned signal enabling 
the retrieval of this extinction to backscatter ratio. The Cloud-Aerosol Lidar with 
Orthogonal Polarization (CALIOP) instrument aboard the Cloud-Aerosol Lidar and 
Infrared Pathfinder Satellite Observations (CALIPSO) satellite is the best example of 
a space-based lidar instrument.  
Passive remote sensors exploit information embedded within natural radiation 
that is emitted of reflected to retrieve information about a target. For passive remote 
sensing at shortwave wavelengths, reflected sunlight is the most common source and 
in this case, constraints on illumination by the sun requires that these instruments 
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optimize viewing geometries for the time of day, season, and spatial coverage. In 
general, when operating on a satellite platform, passive sensors are generally able to 
achieve higher spatial coverage than active remote sensing instruments. The most 
common passive sensors are radiometers, which often measure the intensity of 
radiation within wavelength bands in the visible and shortwave infrared region of the 
solar spectrum. They sometimes use the thermal infrared or microwave regions, either 
at specific wavelength bands of some spectral width.  
The Moderate Resolution Imaging Spectroradiometer (MODIS) instrument 
aboard the Aqua and Terra satellites is an example of an imaging spectroradiometer 
that makes measurements in 36 spectral bands at shortwave and thermal infrared 
wavelengths. This instrument has a broad 2330-km swath allowing Aqua MODIS and 
Terra MODIS to make combined measurements of the entire Earth every two days. 
MODIS has shown capability of estimating Nd at 1 km resolution (Bennartz, 2007). 
MODIS estimates 𝑁D through measurements of effective radius, cloud optical 
thickness, and by making assumptions on the vertical profile of the cloud (Bennartz, 
2007). These space-based measurements of 𝑁D have uncertainty estimates of 78% for 
retrievals of optically thick, reasonably homogeneous, stratiform clouds with favorable 
viewing angle geometries (Grosvenor et al., 2018). The error is primarily due 
to uncertainty associated with measuring effective radius using bi-spectral technique, 
compounded by the method's strong reliance on effective radius (Nakajima and King, 
1990). Improvements in retrieving effective radius would have a significant impact on 
reducing the overall uncertainty in this 𝑁D retrieval. 
In addition to being able to measure the intensity of radiation in several bands, 
polarimeters observe the orientation of electromagnetic waves. Polarimeters measure 
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the first 3 Stokes parameters, the intensity and linear polarization at two different 
polarization angles. This allows them to measure the total (R) and polarized (Rp) 
reflectances: 
 
𝑅 = 𝜋𝐼µI𝐼∘ , 1.18 
and 
𝑅k = − 𝜋𝑄µI𝐼∘ , 1.19 
 
where 𝐼∘ is the solar irradiance µl is the cosine of the solar zenith angle (Hansen and 
Travis, 1974). Equation 8 assumed Stokes parameter U is negligible, which is only the 
case for cloud measurements made in the solar principal plane. However, 
measurements of Q and U in other geometries can be used to infer Q as it would be 
measured in the solar principal plane using theoretical rotation matrices (Alexandrov 
st al. 2012). Provided the instrument has sufficient angular resolution, polarimeters can 
observe a sharply defined polarized signal from the primary and supernumerary 
cloudbows (section 1.2.1) that exists in the scattering angle range between 137° and 
165° (Breon and Goloub, 1998; Alexandrov et al., 2012b). This feature in the scattered 
radiation is the result of Mie scattering by spherical cloud droplets. The shape of the 
cloudbow is dependent on the droplet size distribution. In general, the periodicity of 
the signal is function of the droplet sizes, while the amplitude of the signal is a function 
of the width of the distribution. 
The polarimeter used throughout this dissertation is the Research Scanning 
Polarimeter (RSP; Cairns et al., 1999). The RSP is an airborne prototype of the Aerosol 
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Polarimetry Sensor (APS) that was lost due to a failed launch of the Glory satellite 
(Mishchenko, 2006; Mishchenko et al., 2007). The RSP makes polarimetric and total 
intensity measurements in 9 spectral bands ranging from the visible to shortwave 
infrared with center wavelengths of 410, 470, 555, 670, 865, 960, 1590, 1880 and 2260 
nm. The RSP measures the I, Q and U stokes parameters (cf. Hansen & Travis, 1974). 
The RSP is an along track scanning instrument that can make up to 152 measurements 
sweeping ± 60° from nadir along the aircraft's track with a 14 mrad field-of-view. When 
the aircraft orientation and velocity vector are sufficiently aligned (i.e., no yaw), multiple 
scans will measure the same feature multiple times from a variety of angles, which can 
be aggregated into “virtual” scans consisting of the reflectance at the full range of 
viewing angles for a single footprint at the cloud top (Figure 1.5.1; Alexandrov et al., 
2012a). The scattering angle range that is sampled by the RSP depends mainly on 
the flight direction with respect to the solar plane and the sun angle. The RSP has been 
deployed on aircraft ranging from low flying twin otters to NASA's high-altitude ER-
2 in many field campaigns targeting shallow to deep clouds, as well as aerosol and 
ocean. 




Figure 1.5.1: Illustration of the RSP data aggregation process. Observations of 
cloud top from multiple angles is aggregated into “virtual” scans, each 
consisting of reflectances at different viewing angles. 
1.6 Clouds Representation in Global Climate Models 
Model representation of clouds involves simplifying complex processes into 
parameterized mathematical relationships (Ghan et al., 2011). Current state–of–the–art 
GCMs use bulk parameterizations to represent clouds using predictive two–moment 
schemes. These schemes commonly constrain the 3rd moment of the droplet size 
distribution, related to the cloud liquid water content (Lc; Eq. 1.16), and the 0th 
moment, known is the droplet concentration (Nd; Eq. 1.12; Morrison & Gettelman, 
2008). A two–moment scheme allows the droplet effective radius to evolve in a more 
realistic manner when compared to one–moment schemes (Morrison & Gettelman, 
2008). They have also allowed more complex ACI mechanisms to be introduced (e.g., 
Bauer et al., 2008). However, cloud microphysics schemes and aerosol 
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parameterizations vary largely by model, which makes cloud responses to aerosols 
inconsistent (Ma et al., 2012, Fan et al., 2016). These complex mechanisms are typically 
evaluated in smaller scale high-resolution models before being applied to GCMs 
(Stevens and Seifert, 2008). These studies can help interpret in situ and high-resolution 
remote sensing observations before being parameterized and implemented in a GCM 
(Fridlind et al., 2007). 
The GISS-E3 GCM is one of NASA GISS’s contributions to the World Climate 
Research Program’s Coupled Model Intercomparison Project (CMIP), which is part of 
the upcoming IPCC Working Group 1’s 6th Climate Change Assessment Report. The 
GISS-E3 uses a 62-layer grid with a lower atmospheric spacing of 10 hPa and upper 
atmospheric spacing of 20 hPa. The GISS-E3 improves previous versions stratiform 
cloud microphysics by using a two–moment microphysics scheme with prognostic 
precipitation (Gettelman and Morrison, 2015). A full description of cloud-related 
improvements included in the new GISS-E3 is detailed in Cesana et al (2018). 
Liquid cloud properties and their radiative effects are determined by evaluating 
the moments of the droplet size distribution. Lc is the primary control of liquid–cloud 
albedo, while Nd can have an impact on cloud brightness but can also indicate ambient 
CCN concentrations (Boucher et al., 2013). Other parameters of the droplet size 
distribution include the width, also known as dispersion, which GCMs predominantly 
hold fixed (e.g., Geoffroy et al., 2010) or diagnose as a linear function of the droplet 
concentration (Morrison & Gettelman, 2008). The droplet mean radius can be derived 
from the Lc and Nd by assuming a width of the distribution. 
The accurate representation of clouds in global climate models is challenging. 
Figure 1.6.1 shows the ability of CMIP models to accurately represent the SW CRE 
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and other important climate relevant properties. Figure 1.6.1 shows CMIP 3 (black) 
and CMIP 5 (blue) individual model correlations with observations for the surface air 
temperature (TAS), top of the atmosphere (TOA) outgoing longwave radiation 
(RLUT), precipitation (PR) and TOA shortwave cloud radiative effect (SW CRE). 
Modest improvements in mean correlations can be seen for all variables when 
comparing CMIP 3 to CMIP 5 and the improvements are the result of improvements 
to observations as well as new evaluation techniques (Flato et al., 2013). Green circles 
represent alternate observational correlations, or an agreement in observations, which 
can be seen to be high even for the SW CRE. Overall, modelled SW CRE continues to 
have the weakest correlation with observations across all of the properties. The primary 
uncertainty in the SW CRE is attributed to cloud process modeling resulting biases in, 
e.g., fractional cloud coverage, liquid water content and thermodynamic phase. 
 
 
Figure 1.6.1: CMIP 3 (black) and CMIP 5 (blue) individual model 
correlations with observations for the surface air temperature (TAS), top 
of the atmosphere outgoing longwave radiation, precipitation and 
shortwave cloud radiative effect over the modelled period of 1980–1999. 
Green circles represent alternate observational correlations, or an 
agreement in observations. Adapted from Flato et al. (2013). 
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Spatially, these uncertainties are manifested in regional overestimates of the 
shortwave cloud radiative effect (CRE) that can be on the order of several tens of watts 
per square meter (Boucher et al., 2013). Figure 1.6.2 shows regional differences 
between CMIP5 modal mean radiation and observations from the Clouds and the 
Earth’s Radiant Energy System Energy Balanced and Filled 2.6 (CERES EBAF 2.6) 
dataset for the shortwave effect (top), longwave effect (middle) and net effect (bottom). 
The largest biases can be seen in the shortwave effect with strong positive biases in 
subtropical regions with stratocumulus cloud cover. These systematic biases have been 
shown to be the result of an overestimation of cloud reflectance, rather than cloud 
cover (Nam et al., 2012). To partially compensate this effect, all CMIP5 models also 
underestimate low–cloud amounts (Cesana & Chepfer, 2012). These issues are known 
colloquially as the ‘too few, too bright low–cloud problem’.  
Further, large negative biases can be seen in trade cumulus regions. The 
outgoing longwave radiative effect shows a positive bias in trade cumulus regions. The 
net effect shows that these biases in modelled cloud properties result in regional errors 
on the order of several tens of watts per square meter. The net effect of individual 
models within the ensemble also show regional differences on the order of several tens 
of watts per square meter. 




Figure 1.6.2: Regional differences between CMIP5 modal mean radiation 
and observations from the Clouds and the Earth’s Radiant Energy System 
dataset for the shortwave effect (top), longwave effect (middle) and net 
effect (bottom). Reproduced from Flato et al. (2013). 
 
Uncertainties with aerosol and cloud representation in GCMs persist due to a 
combination of technological limitations on our ability to accurately observe key cloud 
properties that determine their radiative effects, a lack of understanding fundamental 
processes governing aerosol–cloud interactions, and GCMs’ ability to accurately 
parameterize these small–scale properties and processes over large temporal and spatial 
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domains (Flato et al., 2013). Collectively, these persisting uncertainties inhibit our 
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Cloud droplet number concentration (Nd) is an important parameter of liquid 
clouds and is crucial to under- standing aerosol-cloud interactions. It couples boundary 
layer aerosol composition, size and concentration with cloud reflectivity. It affects 
cloud evolution, precipitation, radiative forcing, global climate and, through 
observation, can be used to partially monitor the first indirect effect.  
With its unique combination of multi-wavelength, multi-angle, total and 
polarized reflectance measurements, the Research Scanning Polarimeter (RSP) 
retrieves Nd with relatively few assumptions. The approach involves measuring cloud 
optical thickness, mean droplet extinction cross-section and cloud physical thickness. 
Polarimetric observations are capable of measuring the effective variance, or width, of 
the droplet size distribution. Estimating cloud geometrical thickness is also an 
important component of the polarimetric Nd retrieval, which is accomplished using 
polarimetric measurements in a water vapor absorption band to retrieve the amount of 
in-cloud water vapor and relating this to physical thickness. We highlight the unique 
abilities and quantify uncertainties of the polarimetric approach.  
We validate the approach using observational data from the North Atlantic and 
Marine Ecosystems Study (NAAMES). NAAMES targets specific phases in the 
seasonal phytoplankton lifecycle and ocean-atmosphere linkages. This study provides 
an excellent opportunity for the RSP to evaluate its approach of sensing Nd over a 
range of concentrations and cloud types with in situ measurements from a Cloud 
Droplet Probe (CDP). The RSP and CDP, along with an array of other instruments, 
are flown on the NASA C-130 aircraft, which flies in situ and remote sensing legs 
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in sequence.  
Cloud base heights retrieved by the RSP compare well with those derived in 
situ (R = 0.83) and by a ceilometer aboard the R.V. Atlantis (R=0.79). Comparing 
geometric mean values from 12 science flights throughout the NAAMES-1 and 
NAAMES-2 campaigns, we find a strong correlation between Nd retrieved by the RSP 
and CDP (R = 0.96). A linear least squares fit has a slope of 0.92 and an intercept of 
0.3 cm-3. Uncertainty in this comparison can be attributed to cloud 3D effects, 
nonlinear liquid water profiles, multilayered clouds, measurement uncertainty, variation 
in spatial and temporal sampling, and assumptions used within the method. 
Radiometric uncertainties of the RSP measurements lead to biases on derived optical 
thickness and cloud physical thickness, but these biases largely cancel out when 
deriving Nd for most conditions and geometries. We find that a polarimetric approach 
to sensing Nd is viable and the RSP is capable of accurately retrieving Nd for a variety 
of cloud types and meteorological conditions. 
  




Cloud droplet number concentration (Nd) is one of the most important 
microphysical properties of liquid clouds and is crucial for a better understanding of 
processes involving cloud microphysics and aerosol-cloud interactions. It affects cloud 
evolution, precipitation, radiative forcing and thus global climate (Boers et al., 2006; 
Lohmann and Feichter, 2005; Lu and Seinfeld, 2006). Nd is an important parameter for 
observing the first indirect effect, by which an increase in cloud condensation nuclei 
results in an enhancement of droplet concentration leading to changes in the radiative 
properties of the cloud (Twomey, 1977). Nd is central because it couples aerosol 
composition, size and chemistry to cloud brightness, although the non-linearity of the 
impact CCN has on Nd, due in part to atmospheric dynamics, complicates 
the relationship. The IPCC's Fifth Assessment Report still considers aerosol- cloud 
interactions to be one of the main uncertainties in our ability to understand the radiative 
forcing of climate. 
On a global scale, Nd observations remain a challenge for remote sensing 
instruments because of the amount of information that needs to be retrieved and the 
complexity of processes involved (Grosvenor et al., 2018). Yet, space-based sensors 
offer coverage in remote regions where knowledge of Nd is most uncertain and where 
clouds are the most sensitive to aerosol effects. Large uncertainties associated with 
current remote sensing products, owing to unconstrained assumptions, (e.g. cloud 
thickness, vertical inhomogeneity and width of the droplet size distributions) 
compound the issue (Boers et al., 2006). Mishchenko et al. (2004) estimates that space-
based retrievals of Nd must be measured with an accuracy of at least 30% to detect a 
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shortwave radiative effect of at least 0.25 W m−2. This shortwave radiative change 
requirement is derived from the change in forcing realized from increases in 
greenhouse gases (Hansen et al., 1996), and the need to reliably detect changes in cloud 
properties caused by increasing CCN concentrations. The Moderate Resolution 
Imaging Spectroradiometer (MODIS) instrument aboard NASA's Terra and Aqua 
satellites has shown capability of estimating Nd on global scales (Bennartz, 2007). 
It estimates Nd through measurements of effective radius (re), cloud optical thickness 
(τ), and by making assumptions on the vertical profile of the cloud (Bennartz, 2007). 
These space-based measurements of Nd have uncertainty estimates of 78% for 
retrievals of optically thick, reasonably homogeneous, stratiform clouds with favorable 
viewing angle geometries and 1 km resolutions (Grosvenor et al., 2018). The error is 
primarily due to uncertainty associated with measuring re using the dual-
band Nakajima and King (1990) technique, compounded by the method's strong 
reliance on re. Improvements in retrieving re would have a significant impact on 
reducing the overall uncertainty in this Nd retrieval. 
Regional airborne field campaigns offer a unique combination of accurate in 
situ measurements of Nd, with high spatial and temporal resolution, and colocated 
remote sensing observations. These datasets have enabled the development of new 
retrieval methods (e.g., Alexandrov et al., 2012a, 2018) for cloud remote sensing and 
allow complex local processes to be studied (Twohy et al., 2005; O'Dowd et al., 1999; 
Gultepe et al., 1996; Raga and Jonas, 1993). Although spatially limited, 
their findings can be coupled with satellite observations to facilitate global 
measurements (e.g., Painemal and Zuidema, 2011). Remote sensing techniques are used 
to constrain Nd and aerosol- cloud interactions in GCMs (Storelvmo et al., 2009; Hoose 
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et al., 2009; Quaas et al., 2006). More accurate observational datasets with large spatial 
and temporal coverage are needed to better constrain these parameters in models. 
Here, we present a new method of sensing Nd that uses polarimetric 
measurements and requires relatively few assumptions since cloud optical thickness, 
mean droplet extinction cross-section and cloud physical thickness can all be measured 
using a polarimeter and are retrieved nearly independently of one another. Polarimetric 
observations collect additional information when compared to traditional radiometers 
and are capable of measuring the effective variance, or width, of the droplet 
size distribution (Alexandrov et al., 2012a, 2018). Polarimeters measure droplet size 
distribution properties, re & effective variance (ve) using polarized reflectances at cloud-
bow viewing geometries assuming a distribution shape (i.e., a gamma distribution). 
Further, observations of the cloud-bow also allow highly accurate measurements of re 
at cloud top to be made, thereby reducing the uncertainty when compared with 
radiometric retrievals (Alexandrov et al., 2012a). Estimating cloud geometrical 
thickness is an important component of the polarimetric Nd retrieval, which is 
accomplished using a method relating the amount of in-cloud water vapor, retrieved in 
part using polarimetric measurements in a water vapor absorption band, to physical 
thickness. 
This investigation validates the new polarimetric method of sensing Nd using 
NASA's airborne Research Scanning Polarimeter (RSP) (Cairns et al., 1999). The 
method builds on previous work of retrieving the droplet size distributions 
(Alexandrov et al., 2012a, 2018) and cloud top height (Sinclair et al., 2017). The RSP has 
recently been involved in studies pertaining to cloud droplet size distributions 
(Alexandrov et al., 2012a, 2012b, 2015, 2016, 2018), aerosol properties (Zhai et al., 
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2013; Wu et al., 2015, 2016; Stamnes et al., 2018), ice cloud properties (van 
Diedenhoven et al., 2012, 2012b, 2013, 2016) and polarimetric and lidar retrieval 
comparisons (Knobelspiesse et al., 2011). 
Section 2.2 provides details on the data collection methods as well as the 
instruments used in this study. Section 2.3 gives a detailed theoretical derivation of the 
polarimetric approach highlighting its strengths and weaknesses along with the 
application of the approach to the RSP. Section 2.4 presents results validating the cloud 
thickness estimate with in situ CDP and ceilometer measurements. Section 2.4 also 
presents Nd results from 12 science flights during the NAAMES-1 and NAAMES-
2 campaigns. Section 2.5 summarizes results, provides discussion and lists next steps. 
2.2 Data 
The North Atlantic Aerosols and Marine Ecosystems Study (NAAMES; 
Behrenfeld et al., 2019) is a multi-year NASA-led ship and aircraft campaign that takes 
place in the North Atlantic Ocean, roughly east of Newfoundland, Canada. The 
campaign has four targeted deployments designed to study annual variations of 
phytoplankton biomass and how marine aerosols and cloud properties are affected by 
plankton ecosystems in the North Atlantic. The overlapping air and ship science 
portions of the NAAMES-1 took place from 11/12/2015–11/ 23/2015, NAAMES-2 
from 5/18/2016–6/1/2016. Here, we focus on data from the first and second 
NAAMES campaigns as these seasons provide the largest contrast in ocean and 
atmosphere conditions. 
During both campaigns, the RSP is flown on the NASA C-130 air- craft, 
which flies in situ and remote sensing legs in sequence, with the remote sensing 
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legs flown at a nominal altitude of 6500 m. A number of flight maneuvers that optimize 
colocation between the remote sensing instruments, in situ instruments and the ship. 
These flight patterns can be categorized into three primary types: (a) A bowtie pattern, 
in which the outer edges are used for remote sensing and aligned near the 
solar principal plane, then the aircraft spirals sampling through the depth of the cloud, 
and low-altitude legs are used to sample the marine boundary layer, often crossing near 
the ship. (b) A return pattern, where two flight segments are colocated on the ground 
to allow remote sensing and in situ measurements to sample the same area. (c) A 
sequential pattern, where the flight remote sensing and in situ measurements occur in 
succession, but the aircraft does not cover the same ground track for each of the 
two measurement types. During the remote sensing portion of the return and in 
sequence patterns, the aircraft often either samples through the depth of the cloud, 
using a spiral or porpoising maneuver, or samples the cloud evenly at a single altitude. 
The C-130 is outfitted with a suite of remote sensing and in situ instruments 
that are used to characterize the ocean, aerosols and clouds. The research vessel 
Atlantis is equipped with a variety of in situ trace gas and aerosol probes, and an upward 
facing ceilometer used to measure cloud base. A cloud droplet probe (CDP) instrument 
aboard the C-130 aircraft enables validation and comparison to the RSP cloud droplet 
concentration retrievals (Lance et al., 2010). The CDP is a for- ward scattering 
optical spectrometer that uses scattered intensity from a 658 nm laser beam to 
measure in situ cloud droplet numbers and sizes using 30 bins ranging from 2 µm–
50 µm. The droplet number accuracy is approximately ± 20% (Lance et al., 2010). The 
ceilometer is used to validate the RSP cloud physical thickness estimate. 
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The RSP (Cairns et al., 1999) makes polarimetric and total intensity 
measurements in 9 spectral bands ranging from the visible to shortwave infrared. The 
RSP is an along track scanning instrument that can make up to 152 measurements 
sweeping ±60° from nadir along the aircraft's track. The high-angular resolution allows 
the effective radius and variance of liquid water droplet size distributions to be retrieved 
using the rainbow feature observed in the polarized reflectances over the scattering 
angle range from 135 to 165 degrees (Breon and Goloub, 1998; Alexandrov et al., 
2012b). The scattering angle range that is sampled by the RSP depends on the flight 
direction with respect to the solar plane and the sun angle. The RSP has a 14 mrad field-
of-view, which during NAAMES results in an approximate footprint size of 84m on 
the ground. If the aircraft is flying a straight flight segment, the same feature will be 
measured from multiple angles. Measurements of features can then be aggregated 
into “virtual” scans that are reflectances of a single footprint from all viewing angles 
(Alexandrov et al., 2012b). 
For the Fall 2015 campaign, we use data collected on November 12th, 14th, 
17th, 18th and 23rd of 2015. The geographical boundaries for the November campaign 
were 42° and 61°N as well as 53° and 36°W. Clouds during the NAAMES-1 
campaign were dominated by stratocumulus clouds and open-cell convection. For the 
Spring 2016 campaign, we use data collected on May 18th, 19th, 26th, 27th, 28th, 29th 
and 30th of 2016. Results from May 20th 2016 are omitted due to few Nd retrievals 
made by the RSP that day. On June 1st, the aircraft targeted ocean in a rare occurrence 
of cloud-free open ocean observing conditions, which resulted in few RSP cloud 
measurements coupled with poor colocation between the RSP and CDP, and therefore 
data form this day is also not used. The NAAMES-2 campaign is dominated by 
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stratocumulus clouds with synoptic structure. Fig. 1 details the flight paths and 
geographic locations of the 12 science flights used in this study.  
2.3 Method 
This section details a method of observing cloud droplet con- centration using 
multi-directional total and polarized reflectance measurements. The method builds on 
previous work on retrievals of droplet size distributions (Alexandrov et al., 2012a, 
2018) and cloud top height (Sinclair et al., 2017). The method involves retrieving the 
cloud optical thickness, mean droplet extinction cross-section and cloud geometrical 
thickness. Here we summarize the theoretical derivation, required assumptions and the 
implementation of the method. 
 
Figure 2.3.1: C-130 flight paths shown for all flights used in this 
study overlaid onto MODIS imagery showing Newfoundland and 
Greenland. Different flight days are indicated by different colors, 
as shown on the right. 
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2.3.1 Theoretical Derivation 
The extinction coefficient (per unit length) for a distribution of spherical particles 
can be defined as: 
 𝛽(45 ℎ = 𝑁D ℎ ∙ 𝑄( ℎ, 𝜆 ∙ 𝜋 ∙ 𝑟; ℎ , 2.1 
            
where Nd(h) is the number concentration per unit volume at a height, ℎ, above cloud base,  
𝑄( ℎ, 𝜆 = 𝑄( 𝑟, 𝜆 ∙ 𝑟; ∙ 𝑓 𝑟, ℎ 𝑑𝑟=> 𝑟; ℎ , 2.2 
and 
𝑟; ℎ = 𝑟; ∙ 𝑓 𝑟, ℎ 𝑑𝑟=> . 2.3 
 𝑄( is the extinction efficiency (unitless) of a drop with radius 𝑟 (in length units), 
which is dependent on droplet size and wavelength of light and calculated using 
Lorenz-Mie theory (Mie 1908). Furthermore, 𝑓(𝑟, ℎ) is the droplet size distribution 
function, here assumed to be a modified gamma distribution (Hansen and Travis 1974).  
The size distribution averaged quantities, indicated by an overbar, have been 
introduced to make assumptions about vertical variations in different quantities 
explicit. The vertical variable, ℎ, ranges from cloud base (ℎ = 0) to cloud top (ℎ = 𝐻). 
Cloud optical thickness, 𝜏 (unitless), is defined as the vertical integral of the extinction 
coefficient, 𝛽(45, between cloud base and cloud top: 
 
𝜏 = 𝛽(45 ℎ 𝑑ℎA> = 𝑁(pp𝑄(pp 𝜋 ∙ 𝑟; ℎ 𝑑ℎA> , 2.4 





𝑁(pp = 𝑁D ℎ 𝑄( ℎ 𝜋 ∙ 𝑟; ℎ 𝑑ℎA> 𝑄( ℎ 𝜋 ∙ 𝑟; ℎ 𝑑ℎA> 2.5 
 
and 
𝑄(pp = 𝑄( ℎ 𝜋 ∙ 𝑟; ℎ 𝑑ℎA> 𝜋 ∙ 𝑟; ℎ 𝑑ℎA> . 2.6 
 
 
We have introduced the vertically integrated quantities effective droplet number 
concentration, Neff, and the effective extinction efficiency, Qeff, about which we will have 
to make assumptions. We assume that the droplet concentration (per unit volume), 𝑁D(ℎ), is constant throughout the cloud column, in which case Neff=Nd. This 
assumption is consistent with adiabatic expectations and has been supported by prior 
work (Painemal & Zuidema, 2011). We note that when this assumption is not valid the 
form of Neff indicates that the retrieved number concentration will be a weighted 
average, with the weighting being roughly proportional to the droplet cross-section. 
Using polarimetry, the size distribution, and thus extinction cross section, at cloud top 
is retrieved. To account for the vertical profile of size distribution, we assume a linearly 
increasing cloud liquid water content, 
 𝐿 = 𝑐	ℎ, 2.7 
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where 𝑐 is the rate of increase of L, and ℎ is the height above cloud base. The liquid 
water content is related to the 3rd moment of the size distribution (Hansen and Travis, 
1974): 
 
𝐿 ℎ = 𝑁D ∙ 4𝜋𝜌g3 ∙ 𝑟[𝑓 𝑟, ℎ 𝑑𝑟 = 𝑁D ∙ 4𝜋𝜌g3 ∙ 𝑟[ ℎ=> , 2.8 
 
where 𝜌g is the density of liquid water, which is 1000 kg m-3. Since the droplet number 
concentration is assumed to be constant with height, the scaling of the 3rd moment of 
the size distribution is: 
  
𝑟[ ℎ = ℎ𝐻 ∙ 𝑟[ 𝐻 . 2.9 
 
However, what we need is the vertical scaling of the second moment of the size 
distribution. We recall that for a modified gamma distribution: 
 
𝑟; ℎ = 𝑟[ ℎ ; [ 1 − 𝑣(pp ℎ 1 − 2𝑣(pp ℎ _ [, 2.10 
 
where veff(h) is the effective variance of the size distribution at height h. Substituting Eq. 
2.9 into Eq. 2.10, and noting that the use of Eq. 2.10 for h=H allows the equation to 
be written in terms of second moments and a function of the effective variance, we 
obtain the required result viz., 
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𝑟; ℎ = 𝑟; 𝐻 ℎ𝐻 ; [ 𝛿 ℎ 2.11 
 
where we define: 
 
𝛿 ℎ = 1 − 𝑣(pp ℎ 1 − 2𝑣(pp ℎ1 − 𝑣(pp 𝐻 1 − 2𝑣(pp 𝐻 _ [ 2.12 
 
and the effects of the width of the droplet size distribution, 𝛿 ℎ , are explicitly retained 
up to this point. Substituting Eq. 2.11 into Eq. 2.4 gives: 
 
𝜏 = 𝑁D 𝑄(pp𝑄( 𝐻 𝑄( 𝐻 𝜋 ∙ 𝑟; 𝐻 ℎ𝐻 ; [ 𝛿 ℎ 𝑑ℎA> 2.13 
We have already assumed that the droplet number concentration is constant with 
height and that liquid water content increases linearly with height. We now make two 
additional assumptions: 
 𝑄(pp𝑄( 𝐻 ≈ 1 2.14 
             
and 
 𝛿 ℎ ≈ 1 2.15
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We have evaluated the typical biases caused by making these assumptions using 
numerical experiments with realistic vertical variations in effective variance and 
effective radius, for a range of cloud top effective variances from 0.01 to 0.1 and 
effective radii from 5-20 µm.  The assumption in Eq. 2.14 that the vertically weighted 
extinction efficiency is almost the same as the cloud top extinction efficiency is 
generally valid to within 1% for two reasons. The first is that the extinction efficiency 
itself is close to 2 for all distributions that are the size of cloud droplets and only 
increases slowly as droplet sizes decrease.  The second is that droplet size generally 
increases with height in the cloud so the effective extinction efficiency is itself weighted 
towards the cloud top value.  While 𝛿(H)=1 the effective variance generally decreases 
with height in the cloud with its smallest values at cloud top. This means that 𝛿(h)<1 
and we find that the assumption in Eq. 2.15 has an effect on the determination of the 
vertical integral in Eq. 9 that is proportional to the cloud top effective variance. 
Typically cloud top effective variances are 0.05 or less and the bias caused by the 
assumption of Eq. 2.15 is 5%, or less.  If we now define the mean droplet extinction 
cross-section at cloud top to be: 
 𝜎( ℎ = 𝑄( 𝐻 𝜋 ∙ 𝑟; 𝐻 , 2.16 
 
and make the approximations from Eq. 2.14 and Eq. 2.15 the equation for the optical 
depth becomes: 
 
𝜏 ≈ 𝑁D𝜎( 𝐻 ℎ𝐻 ; [ 𝑑ℎA> . 2.17 
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Evaluating the integral over height gives: 
 
𝜏 = 35𝐻	𝜎( 𝐻 𝑁D. 2.18 
 
Finally, rearranging Eq. 2.18 gives: 
 
𝑁D = 53 𝜏𝜎( 𝐻 𝐻 . 2.19 
            
The RSP is able to estimate each of the parameters in Eq. 2.18, as explained in 
section 3.2. The main assumptions made to derive Eq. 2.18 are that 𝑁D is constant 
through the depth of the cloud, the droplet size distribution follows a modified gamma 
distribution, the liquid water content increases linearly through the cloud and the 2nd 
moment of the particle size distribution scales accordingly (cf. Eq. 2.11). 
 
2.3.2 Implementation 
2.3.2.1 Extinction Cross-section 
The mean extinction cross-section at cloud top (𝜎( 𝐻 ,	Eq. 2.18) is derived 
using the droplet size distribution obtained from polarized reflectances and extinction 
efficiencies from Lorenz-Mie calculations. The size distribution is assumed to have the 
form of a modified gamma distribution, which is defined by the effective radius and 
effective variance and is normalized by 𝑁D .  
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Polarized reflectances are dominated by single-scattering in the top part of the 
cloud, typically the top 20-30 m or within an optical depth of about 1. The polarized 
reflectance exhibits primary and supernumerary cloud bow features at scattering angles 
between 135° and 165° and the angular location and magnitude of the variations in the 
cloud bow structure depends on the droplet size distribution. This retrieval is 
dependent on the solar geometry permitting measurements in this scattering angle 
range. RSP reflectance measurements are used to retrieve cloud droplet size 
distribution properties using look up tables (LUTs). LUTs are pre-calculated and 
contain single-scattering polarized phase functions for a range of size distributions and 
the best match is found to RSP measurements of polarized reflectance. To account for 
effects from, e.g., multiple scattering, sub-pixel inhomogeneities, 3D radiative transfer 
and overlying cirrus, an auxiliary low order function is fitted to the data in addition to 
the polarized phase functions (Alexandrov et. al. 2012b). RSP measures the effective 
radius of liquid droplets ranging from 5 to 30 µm with a standard error of +/- 0.13 µm. 
Typical variance values (ie: <0.15) are measured with an error of +/- 0.03 (Alexandrov 
et al., 2012b). Droplet distributions observed during NAAMES have 10th and 90th 
percentiles of 8.5 µm and 15.5 µm and variances ranging from 0.01 to 0.12. 
Uncertainties in retrievals within this range correspond to uncertainties in 𝜎( of less 
than 2%. 
2.3.2.2 Cloud Optical Thickness 
Radiometric reflection in the non-absorbing 864 nm band is largely determined 
by cloud optical thickness, 𝜏, with some weak dependence on droplet size. Here 𝜏 is 
retrieved from a LUT of nadir reflectance in the 864 nm band and the effective size 
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retrieval from polarized observations of the cloud-bow (cf. Nakajima & King, 1990). 
The LUT for 𝜏 is calculated using a plane-parallel (1D), doubling-adding multiple 
scattering radiative transfer model, similar to that described in Hansen and Travis 
(1974) with modifications to improve the speed and accuracy of calculations based on 
the work of de Haan et al. (1987). 
2.3.2.3 Cloud Geometrical Thickness 
The cloud geometrical thickness, 𝐻, is retrieved using a novel method for 
relating retrieved in-cloud water vapor amount to physical thickness. Conceptually, 
water vapor within a cloud column is determined by the cloud physical thickness and 
the saturated vapor mixing ratio, which is a function of temperature. Based on this 
model, a fixed amount of water vapor within a cloud would correspond to a 
geometrically thicker cloud at higher altitudes because the saturated water vapor mixing 
ratio is lower at lower temperatures. As the saturated vapor mixing ratio increases with 
decreasing altitude (increasing temperature), the implication is that clouds containing a 
given in-cloud water vapor amount, but having different cloud top heights, will have 
increasing physical thickness as cloud top height increases. Throughout this study, in-
cloud water vapor is measured in cm-atm, which is defined as the amount of water 
vapor in a column, measured in cm, that would exist in a 1 atmosphere of pressure at 
standard temperature and pressure. Figure 2.3.2 shows how cloud thickness varies with 
the lapse rate for three quantities of in-cloud water vapor representing the 10th, 50th 
and 90th percentiles of all in-cloud water vapor measurements used in this study. We 
find that there is 1.5 – 6.2% error in the cloud thickness estimate for each degree Celsius 
error in the lapse rate estimate depending on cloud thickness. The expected error in 
the lapse rate is smaller than ±0.9ºC. 




Figure 2.3.2: Cloud thicknesses of 3 columnar quantities of 
water vapor expressed as a function of lapse rate. 
 
Reflection from the RSP’s 960 nm band depends on the amount of water vapor 
above- and in-cloud, respectively (𝑢Hsta() and (𝑢uv), because it is placed in a 
moderately strong water vapor absorption band where light penetrates deep into and 
through most clouds. Here we outline how RSP can retrieve both (𝑢Hsta() and (𝑢uv). 
Above-cloud water vapor (𝑢Hsta() is retrieved using the ratio of polarized 
reflectances (Rpol) in an absorbing (960 nm) and a non-absorbing (865 nm) band 
viewing the center of the primary cloud bow (~ 142° scattering angle). Using a ratio of 
absorbing and non-absorbing water vapor bands to determine water vapor amounts is 
outlined in Gao and Kaufman (2003). The polarized reflectance of the primary cloud 
bow is created by only a few scattering events close to cloud top, and there is therefore 
little enhancement of water vapor absorption by multiple scattering within cloud in 
these measurements. Currently, an exponentially decaying profile of water vapor with 
a scale height of 3 km is used to approximate the vertical distribution of above cloud 
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water-vapor. The profile is summed from the top of the atmosphere to cloud top and 
then back from cloud top to the aircraft level and the total column water vapor 
associated with this profile is adjusted until the polarized reflectance ratio (960/865 
nm) in the cloud bow is matched. The vertical and horizontal distribution of above-
cloud water vapor is assumed to be the same for each profile. Deviations from this will 
either enhance or diminish the amount of in-cloud water vapor by a proportional 
amount. The assumption is that: 
 
𝑅ktw,xy> = 𝑅ktw,zy) 𝑤u𝑒𝑥𝑝 −𝑢Hsta( 𝑘u 𝑧 𝑚 𝑧 𝑑𝑧A_u_ , 2.20 
 
where m(z) is given by the expression:  
 
𝑚 𝑧 = 𝑓 𝑧 𝐻 𝑧Hud − 𝑧cos 𝜃a + 1cos 𝜃> , 2.21 
 
and f(z) is the assumed, normalized, water vapor profile, H(z) is the Heaviside step 
functions that terminates the upward absorption integral at the aircraft level, 𝜃a is the 
viewing zenith angle, 𝜃> is the solar zenith angle, TOA is the top of the atmosphere. The 
functions ki(z) are the correlated k-distribution coefficients (Lacis and & Oinas, 1991) and 
wi are the weights associated with each k-interval. In this case the weights incorporate both 
the solar spectrally weighted bandpass of the RSP 960 nm channel as well as the fraction 
of high resolution spectral intervals that are in the given k-interval.  
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Total reflectance from the RSP’s 960 nm band depends on the amount of water 
vapor both above- and in-cloud, as well as on optical depth, 𝜏, and weakly on effective 
radius, reff. In order to find the total amount of water vapor in the nadir viewing direction, 
the ratio of the total reflectance in an absorbing (960 nm) and a non-absorbing (864 nm) 
band is used. The in-cloud water vapor is determined by comparing the observed 
reflectance ratio to the ratio calculated as a function of in cloud water vapor, g(uin), which 
is constructed from LUTs using the formula: 
 
𝑔 𝑢uv = 𝑤u_u_ 𝑅5t5,xy>[𝜏, 𝑟(pp, 𝑢uv𝑘u 𝐻 ]𝑒𝑥𝑝 −𝑢Hsta( 𝑘u 𝑧 𝑚 𝑧 𝑑𝑧A𝑅5t5,zy 𝜏, 𝑟(pp . 2.22 
 
We note that uin ki(H) is the in-cloud absorption optical depth for a particular k-
interval. The 960 nm LUTs are therefore three-dimensional with the same optical depth 
and effective radius discretization as for the 865 nm band LUTs and an additional 
dimension for absorption optical depth. The function, g(uin), is calculated for a range of in-
cloud water vapor amounts from 0-5 precipitable cm. uin is precipitable water and used to 
determine the cloud geometrical thickness in the next section. uin is the solution of: 
 
𝑔 𝑢uv = 𝑅5t5,xy>tsI𝑅5t5,zytsI . 2.23 
                    
It is important to note that a 960 nm spectral band is only useable for this technique 
over ocean, where the surface reflectance is small enough that the contribution from light 
penetrating the cloud and subsequently reflecting off the surface can either be generally 
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ignored for the cloud optical thickness values typically observed (τ >3). Furthermore, as 
the direct sun beam has been effectively totally attenuated through these clouds, the effects 
of ocean sun glint is also negligible.  Thus, the measurements are not substantially affected 
by the water vapor column below cloud base. 
The retrieved in-cloud water vapor is related to cloud geometrical thickness by 
assuming a lapse rate through a cloud to give a temperature profile, 𝑇 ℎ , from which 
a corresponding saturated vapor mixing ratio, 𝑒I, can be found. This is integrated 
through the column to derive cloud thickness. Cloud top height retrieved from the RSP 
is converted into cloud top temperature using the colocated temperature profile 
obtained from the Modern-Era Retrospective analysis for Research and Applications, 
Version 2 (MERRA-2) (Global Modeling and Assimilation Office, 2015). RSP is able 
to measure cloud top height (CTH) using a multi-angular contrast approach detailed 
by Sinclair et al. (2017). CTH is used with the aircraft’s latitude and longitude to obtain 
the temperature at cloud top from the reanalysis data. Using the barometric formula 
and maintain a constant potential temperature, the temperature profile through the 
cloud is calculated with: 
𝑇 ℎ = 𝑇 𝐻 ∙ 𝑒 A`  A , 2.24 
 
where Γ is the lapse rate, ℎ is the height above cloud base, and 𝑇 𝐻  is the temperature 
at cloud top. In this study, we calculate a lapse rate according to Petty (2008): 
 
Γ = 𝑔 1 + 𝐻a𝑊I 𝐻𝑅ID𝑇 𝐻𝑐k + 𝐻a;𝑊I 𝐻𝑅Ig𝑇 𝐻 ; , 2.25 
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where 𝑔 is gravitational acceleration at the surface, 𝐻a is the heat of vaporization, 𝑊I 
is the mixing ratio of water vapor in saturated air. 𝑅ID is the specific gas constant of 
dry air, 𝑇 is the temperature of the saturated air, 𝑐k is the specific heat constant of dry 
air and 𝑅Ig is the specific gas constant of water vapor. Depending on cloud top 
temperature and pressure, typical values for the lapse rate during NAAMES range from 4.5	𝑡𝑜	7	𝐾 ∙ 𝑘𝑚`_. The temperature profile through a cloud is related to the saturation 
vapor pressure measured in units of atmospheres (cf. Petty, 2008):  
 
𝑒I ℎ = 𝑒 .[)>>.>>∙  `;[ 101325 ∙ 𝑇 ℎ z.; . 2.26 
             
From this, in-cloud water vapor can be related to cloud physical thickness through: 
 
𝑢uv = 𝑒I ℎ 𝑑ℎA> , 2.27 
            
which is solved for geometric thickness, H, numerically. 
2.3.3 Uncertainty Estimation 
Generally, uncertainties on remote sensing products result from radiometric 
calibration uncertainties, surface reflectance uncertainties, sub-pixel inhomogeneity 
and 3D radiative transfer effects, particularly during high solar zenith angles. This 
retrieval has additional uncertainties introduced by nonlinear cloud liquid water profiles 
and the presence of multilayered clouds. We focus on observations over ocean for 
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which surface reflection is generally low and spectrally smooth, and influence of the 
ocean surface reflectance on the uncertainty on Nd is considered negligible. 
Subpixel inhomogeneity and certain cloud 3D effects depend on spatial resolution and 
may average out spatially (Zhang et al., 2012). We leave an evaluation of subpixel 
inhomogeneity and 3D effects on our results for future work. Here, we focus on 
the uncertainty on our retrievals caused by radiometric and measurement uncertainties. 
We estimate the radiometric calibration relative un- certainty to be fixed at 3% in all 
bands. 
 
The droplet size distribution error is estimated in Alexandrov et al. (2012a) who 
found the mean accuracy of the Reff retrievals to be better than 0.1 µm, while the 
Veff biases range from 6% to 27% and generally decrease with Reff. Validation of the 
polarized droplet size distribution retrieval made with a comparison to in 
situ measurements is shown by Alexandrov et al. (2018), who finds an agreement better 
than 1 µm for Reff  and in most cases better than 0.02 for Veff . Differences are attributed 
to temporal and spatial co-sampling limitations. Miller et al. (2017) finds mean absolute 
biases of 0.36 µm and 0.03 for Reff  and Veff , respectively, when evaluating the polarized 
size retrievals using a retrieval simulator based on large eddy simulations. Clouds 
observed during NAAMES have a mean Reff  of 12 µm and mean Veff  of 0.07. 
The uncertainty function shown in Alexandrov et al. (2012a) is used with mean Reff  and 
Veff  values from NAAMES to calculate a mean expected error in σe of 2.4%. The 
highest mean error in σe is observed on 5/26/ 2016, which has a daily colocated mean 
Reff  of 11 µm and Veff  of 0.13 leading to an expected mean error in σe of 5.3%. 
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Estimation of uncertainty associated with the retrieval of τ has been shown in 
prior work (e.g., Nakajima and King, 1990; Platnick et al., 2017; Grosvenor and Wood, 
2014). Platnick et al. (2017) found that, over an ocean surface, τ uncertainties generally 
increase with τ. 
 
The cloud thickness estimate is susceptible to inaccuracies in the cloud top 
temperature, the temperature profile, nonlinear liquid water profiles, multilayered 
clouds and 3D radiative transfer effects. Here we analyze the uncertainty from 
inaccuracies in the cloud top temperature and temperature profiles, which both lead to 
uncertainty in the saturated vapor mixing ratio at various altitudes. With the aircraft 
nominally flying at 6500 m and the average cloud top being 2 km, the RSP is expected 
to measure cloud top with a mean accuracy±100m. This estimate comes from a prior 
study using the RSP 670 nm band results in Sinclair et al. (2017), but accounts for the 
plane-cloud distance during NAAMES being approximately 0.25 of the distance in the 
prior study. This estimate also uses an expected error in the lapse rate of 
15%. Importantly, a 15% bias in the lapse rate results in a ± 5% uncertainty in cloud 
thickness. Supplementary Fig. 4 gives further details on this. The combination of 
uncertainty in the cloud top height and lapse rate contribute an uncertainty of 
approximately 5% to the cloud thickness estimate. This estimate of uncertainty 
does not account for nonlinear liquid water profiles. 
 
When estimating radiometric uncertainty for each of the para- meters, we focus 
on typical values observed during the NAAMES campaigns. We find the mean τ for 
both NAAMES campaigns to be 14 and that 79% of measurements have a τ < 20, 
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while 97% are < 50. Fig. 3 (dashed lines) shows how the uncertainty in τ increases 
linearly with optical thickness and also increases moderately for decreasing droplet 
sizes. These results represent the maximum error assuming a 3% positive radiometric 
bias. For τ values < 50, we find mean absolute uncertainties of 12.2%, 11.4% and 11.3% 
for droplet sizes of 5µm, 15 µm and 25 µm respectively. It is found that high solar 
zenith angles (SZAs) cause the uncertainty to converge towards 13% error for all τ < 
50. For a more complete analysis of how the SZA affects τ, see Supplementary Fig. 1. 
 
Cloud physical thickness, H, is estimated using relative measurements and is 
therefore less sensitive to radiometric calibration biases, but the H estimate uses τ and 
droplet size as a part of equating nadir cloud reflectance ratios to varying amounts of 
in-cloud water vapor (see Section 3.2.3.1). Therefore, the physical thickness estimate 
has some τ and droplet size dependence. Fig. 3 (dash-dotted lines) shows the 
near- linear dependence of absolute uncertainty in the physical thickness estimate for 
3 droplet sizes over a range of τ. Similar to the τ un- certainty, H uncertainty 
increases with increasing τ and also for de- creasing droplet size. For τ values < 50, 
we find mean absolute un- certainties of 9.0%, 8.3% and 7.9% for droplet sizes of 
5 µm, 15 µm and 25 µm respectively. A 4.7% expected uncertainty in H can be 
attributed to radiometric calibration biases for average Reff  and τ values observed during 
NAAMES-1 and NAAMES-2. It is found that the H estimate is less sensitive to SZAs 
than τ, which is shown in Supplementary Fig. 2. 




Figure 2.3.3: Uncertainty of 𝛕 (dashed lines), cloud physical 
thickness (dash-dotted lines), and the net effect (solid) shown for a 
range of 𝛕 and 3 droplet sizes. 
 
Per Eq. (14), Nd is calculated from the ratio of τ and H. Assuming any 
radiometric biases on the 865 nm and 960 nm channels are correlated and similar, the 
net result from the combination of radiometric uncertainty on τ and H is that when τ is 
biased high, H is also biased high, and vice versa, resulting in a canceling effect between 
the terms. It is important to note that this canceling effect is only for 
radiometric uncertainty and other errors may not be correlated and not cancel out. The 
net uncertainty due to radiometric uncertainty from each of these parameters is shown 
in Fig. 3 as solid lines. We find that for τ values < 20, a significant canceling effect 
occurs. For τ values < 50, we find mean absolute uncertainties on the ratio of τ and H 
and thus on Nd are 3.6%, 1.8% and 2.5% for droplet sizes of 5 µm, 15 µm and 
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25 µm respectively. Nd is sensitive to the SZA primarily through its effect on τ. For 
SZAs < 60°, the net uncertainty due to radiometric uncertainty is < 3%. For SZAs > 
60°, the uncertainty is larger and approaches 20% for high SZAs and low τ values. For 
a more details on how the SZA affects Nd, see Supplementary Fig. 3.  
2.4 Results and Discussion 
We support the derivation and implementation of sensing Nd using the 
polarimetric approach through a series of retrievals using the RSP and comparisons to 
in situ CDP cloud measurements and ceilometer cloud base height measurements. The 
method builds off prior work of measuring the droplet size distribution (Alexandrov 
et al., 2012b), which has recently been validated using NAAMES data (Alexandrov et 
al., 2018). The Reff, Veff and 𝜎( retrievals have been well established. Our validation 
focuses on the RSP’s retrievals of cloud physical thickness and Nd. Section 4.1 
compares RSP cloud thickness estimates to CDP cloud base estimates made on 9 days 
as well as ceilometer measurements of cloud base height made over 8 days. We detail 
a 2-day case study where both the RSP and CDP observed a strong contrast in Nd 
concentrations, and present an analysis detailing the quality of the comparison, statistics 
of the Nd retrievals as well as a time series of the retrievals made throughout each day. 
Lastly, we present an analysis of retrievals from 12 science flights during the NAAMES-
1 and NAAMES-2 campaigns. 
The RSP Nd retrieval can be applied to every instance where a valid Reff, Veff and 𝜏 measurement is made.  It has been found that the approach works best on a subset 
of cases that account for 82% of valid measurements made during the NAAMES-1 
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and -2 campaigns. We use observational analysis to identify cases that result in some 
of the largest differences between the comparisons. 
The reflectance of a cloud asymptotes for high 𝜏 and the RSP loses sensitivity 
due to radiometric uncertainty, we therefore only consider cases when 𝜏 < 200. The 
radiometric uncertainty does not affect low 𝜏, and we therefore do not use a lower 
bound. A size distribution with a small Reff and large Veff, which is associated with low 𝜎( , can be indicative of a dual-mode size distribution that is the result of multilayered 
clouds (Alexandrov et al., 2018). Entrainment at cloud top has also been shown to 
increase Veff (Lasher-Trapp et al., 2005). Thus, we only consider cases where 𝜎( is 
greater than 100 µm2.  We put physical constraints on cloud geometric boundaries 
restricting valid Nd retrievals to have an estimated cloud-base not lower than 1 km 
below ground level. As further discussed in section 4.1, cases where the cloud physical 
thickness is over-estimated resulting in a low cloud base are likely the result of 3D 
radiative transfer effects, incorrect cloud top heights and/or lapse rate inaccuracies. In 
future work, we plan on conducting a forward modeling analysis of the RSP Nd retrieval 
in order to constrain and possibly improve the cloud thickness estimate. Here, we allow 
cases with unphysical estimates of cloud bases 1 km below the surface to increase 
sampling, while noting that results presented below are not substantially affected by 
this choice. Additional uncertainty in retrieved Nd may arise from multilayered cloud 
systems. However, higher-level ice clouds do not have a substantial effect on the size 
retrieval (Alexandrov et al. 2012b), and a limited effect on optical thickness (Werner et 
al., 2013). Furthermore, the cloud thickness estimate is not expected to be sensitive to 
higher-level clouds because its retrieval uses reflectance ratios. 
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For the CDP, a cloud flag is used to restrict measurements to in-cloud, which 
we define as the relative humidity being greater than 90%, the CDP measuring a droplet 
effective radius greater than 4.5 µm, and measuring at least 2 droplets per cm3. The 
assumption of a constant Nd profile through the cloud allows us to compare all CDP 
in-cloud measurements to RSP measurements. For these comparisons, we also require 
CDP Nd measurements to be made above 300 m because measurements near the ocean 
surface are more likely to be contaminated by rain below cloud base, separate fog layers 
and/or sea spray. For comparison with the CDP, Nd retrievals for both instruments 
are considered when the retrieval is greater than 2 droplets cm-3. 
2.4.1 Base Height Comparison 
RSP cloud base measurements are compared with cloud base measurements 
made from the aircraft profiling clouds as well as an upward facing ceilometer mounted 
on the RV Atlantis. Cloud base is a proxy to the RSP’s cloud physical thickness estimate 
by subtracting the physical thickness from the cloud top retrievals, which have an 
expected accuracy of ±100 m. The CDP makes cloud base measurements when the 
aircraft profiles through a cloud’s boundary, which uses the same cloud flag criteria 
mentioned above (R.H. > 90% & Reff > 4.5 µm). The ceilometer makes upward 
measurements of cloud base every 15 seconds using a backscatter threshold. The 
aircraft profiles and ceilometer each made approximately twice as many cloud base 
measurements than cloud thickness estimates. We utilize these additional 
measurements in our comparisons by comparing to cloud base instead of cloud 
thickness. The ability of the RSP to measure cloud physical thickness is an important 
part of the polarimetric Nd retrieval and this section validates the cloud physical 
thickness estimate. 
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RSP and aircraft profiling cloud base comparisons are made for all 5 science 
flights during NAAMES-1 and for 4 science flights during NAAMES-2. Aircraft base 
height measurements are not found for 5/28/2016, 5/29/2016, 5/30/2016 or 
6/1/2016 and these dates are therefore excluded from this comparison. The aircraft 
profiling resulted in between 1 and 7 cloud base height measurements being made on 
each day. Comparisons between the RSP and ceilometer cloud base heights are made 
for 4 science flights during NAAMES-1, namely 11/12/2015, 11/14/2015, 
11/18/2015, 11/23/2015 and for 4 science flights during NAAMES-2, which included 
5/18/2016, 5/19/2016, 5/26/2016 and 5/30/2016. If the aircraft-ship distance was 
greater than 200 km for the entire flight (the aircraft did not target the ship that day) 
no ceilometer comparison is conducted. The dates that are excluded due to this are 
11/17/2015, 5/27/2016, 5/28/2016, 5/29/2016 and 6/1/2016. A summary of cloud 
base height measurements, detailing sampling times for each instrument in the 
comparison along with the average cloud base height and the standard deviations, is 
shown in Supplementary Table S1. 
 




Figure 2.4.1: Cloud base estimates comparing the RSP with the 
aircraft profiles (triangles) and ceilometer (squares) for all available 
days. Dashed lines are linear least square fits of RSP-aircraft (blue), 
RSP-ceilometer (red), and 1:1 line (black). 
 
The average RSP and aircraft profiling cloud base height measurements on days 
they are compared can be found to be 397 m and 707 m, respectively, which amounts 
to a 19.7% difference in cloud thickness using RSP CTHs. If we exclude 11/17/2015 
because only a single cloud profile is made on this day, this difference is reduced to 
17.1%. Figure 2.4.1 shows the base height comparison for the RSP, aircraft and 
ceilometer. The correlation between the RSP and aircraft profiling cloud base height 
measurements is found to be 0.83 with a mean difference of 323 m. A linear least square 
fit (Figure 2.4.1, red line) has a slope of 1.16 and Y-intercept of -396 m. The average 
RSP and ceilometer cloud base height measurements on days that they are compared 
can be found to be 350 m and 690 m respectively, which amounts to a 21.6% difference 
in cloud thickness using RSP CTHs. In this method, uncertainty in the cloud thickness 
𝐑𝒄𝒆𝒊𝒍𝒐𝒎𝒆𝒕𝒆𝒓 = 𝟎. 𝟕𝟗	𝐑𝒂𝒊𝒓𝒄𝒓𝒂𝒇𝒕 = 𝟎. 𝟖𝟑	
	
𝑪𝑩𝑯𝑹𝑺𝑷 = −𝟑𝟗𝟔 + 𝟏. 𝟏𝟓 ∙ 𝑪𝑩𝑯𝒂𝒊𝒓𝒄𝒓𝒂𝒇𝒕	𝑪𝑩𝑯𝑹𝑺𝑷 = −𝟐𝟕𝟑 + 𝟎. 𝟗𝟕 ∙ 𝑪𝑩𝑯𝒔𝒉𝒊𝒑	
	
Chapter 2: Polarimetric Retrievals of Cloud Droplet Number Concentration      
 
69
retrieval corresponds directly to uncertainty in the Nd retrieval. The correlation between 
the RSP and ceilometer base height measurements is found to be 0.79. A linear least 
square fit (Figure 2.4.1, blue line) has a slope of 0.97 and Y-intercept of -273 m. The 
mean and standard deviation of all RSP’s cloud base height measurements is 452 m 
and 570 m, respectively. No noticeable difference is found in the cloud base height or 
cloud physical thickness between the campaigns.  
Figure 2.4.2 illustrates the flight path along with the locations of the RSP and 
aircraft profiling cloud base height measurements on 5/18/2016 when the geographic 
colocation was particularly good with remote sensing and in situ measurements 
spanning over a region of approximately 200 km. These flight path is overlaid onto 
MODIS true color imagery detailing the cloud structure. This is a strong example where 
the RSP and aircraft profiles made measurements geographically close and of the same 
cloud structure. The ship is centered amongst the remote sensing and in situ 
measurements allowing for a strong comparison overall. The difference between the 
RSP and CDP’s cloud base height measurements is 217 m. The CDP made 9 cloud 
base height measurements. The mean cloud base height found by the ceilometer was 
taken over a 4 hr period and the difference between the RSP and ceilometer 
measurements is found to be 164 m. 
 




Figure 2.4.2: May 18th 2016 showing Newfoundland (orange 
outline) and C-130 flight paths (blue) overlaid onto MODIS 
imagery. Green stars represent locations where the CDP made a 
cloud base height measurement, and red areas detail RSP cloud 
base measurements. 
 
Figure 2.4.3 shows a histogram of all RSP cloud base retrievals for NAAMES 
1 & 2. We find that 15% of the base height retrievals have a base height lower than 
1000 m below surface, which are removed from the sample (Figure 2.4.3, red). A 
majority of these removed points are from 5/26/2016 when there were 8991 possible 
Nd retrievals with 44% (3841) being removed due to the cloud thickness overestimate. 
This day is largely characterized by multilayered cloud systems as identified by the 
MODIS Cloud Multi Layer Flag and this is the probable cause for inaccuracies in the 
cloud thickness estimate on this day. Inaccuracy in the cloud thickness can also result 
from errors in the RSP stereoscopic CTH retrieval, whereby a CTH is underestimated 
resulting in a lower cloud base height. Cloud 3D effects are expected to add variability 
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to the water vapor absorption ratio, which could be diminished by averaging the input 
radiance data over several measurements.  
 
Figure 2.4.3: Histogram of the RSP cloud base retrievals from 
NAAMES 1 & 2. Blue shows cloud base heights greater than -1000 
m while red shows cloud base heights lower than -1000 m. 
 
Uncertainties in the cloud base height correspond to uncertainty in cloud 
physical thickness, which affects the accuracy of the polarimetric Nd retrieval. The 
cloud physical thickness estimate uses relative measurements and is therefore less 
sensitive to radiometric calibration biases, as discussed in section 2.3 above. We expect 
a 4.7% uncertainty in the cloud thickness estimate to be the result of radiometric 
calibration biases. Uncertainty in the cloud top height and lapse rate also contribute an 
uncertainty of approximately 5% to the cloud thickness estimate. Nonlinear liquid 
water profiles, multilayered cloud systems and 3D radiative transfer effects may be 
additional sources of considerable uncertainty. Here, the primary difficulty in 
quantifying uncertainty in the cloud thickness estimate comes from the low number of 
CDP and ceilometer cloud base measurements and from the poor colocation between 
−6000 −4000 −2000 0 2000 4000











Chapter 2: Polarimetric Retrievals of Cloud Droplet Number Concentration      
 
72
the RSP and these instrument measurements. For example, on November 17th 2015 
the CDP made a single cloud base height measurement. It has been shown that cloud 
3D effects from nonlinear liquid water profiles and multilayered cloud systems can be 
the source of considerable uncertainty. A radiative transfer forward simulation is 
planned as future work that will allow the cloud thickness uncertainty estimate to be 
better constrained. 
2.4.2 NAAMES-1 and NAAMES-2 Comparison 
We compare the mean values of RSP retrievals with those of the CDP collected 
primarily within cloud modules throughout 12 science flights from the NAAMES-1 
and NAAMES-2 campaigns. These cloud modules are geographic areas of special focus 
during science flights, the aircraft often makes multiple passes over the same ground 
path and samples the atmosphere at several altitudes within the module. The modules 
are typically no larger than 200 km by 200 km, and an example of one can be seen in 
Figure 2.3.1 highlighted by the RSP and CDP sampling. These results show the 
robustness of RSP’s ability to sense Nd for a range of atmospheric conditions, cloud 
types and SZAs. In addition to the measurement screening described in the 
introduction of section 2.4, we spatially select measurements made by both instruments 
near cloud modules. Additionally, high Nd are routinely observed near St. John’s 
International Airport that are often outlying values when compared with values 
observed over the ocean, and we therefore remove all of these continental 
measurements for both instruments. Supplementary Table S2 outlines the time 
selection used for each instrument on each day. The selected times are also dependent 
on flight time, flight pattern, solar geometry and the presence of clouds. The average 
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number of Nd retrievals used in this comparison per day is 2554 for the RSP and 1563 
for the CDP.  
We define a metric, Δ², to quantitatively compare daily colocated means from 
each of the two instruments, N´,µ¶· and N´,¸¹·, on multiple days: 
 
Δ² = 2 ∙ N´,µ¶· − N´,¸¹·N´,µ¶· + N´,¸¹· . 2.28 
            
Given biases due to uncertainties and colocation in the RSP and in situ data we 
consider comparisons where Δ² < 0.2  as having strong agreement, Δ² < 0.4  as 
having good agreement and finally with Δ² < 0.6  as showing acceptable agreement. 
A negative value implies that the mean CDP Nd is higher than the RSP. We further 
employ another metric, Δ´, (cf. Alexandrov et al., 2012b, 2018) as a quantitative 
comparison of the shape of the normalized Nd histograms for each instrument: 
 
Δ´ = 12 𝑏¼½¾,u − 𝑏¿À¾,uÁÂ,ÃÄÅu> , 2.29 
 
where bµ¶·,Ç represents the number of normalized RSP Nd retrievals in a number 
concentration bin with index i, which ranges from 0 to Nd,max. Here we use a bin width 
of 10 droplets cm-3. The value Δ´ ranges from zero (for matching normalized Nd 
distributions) and one (for entirely distinct distributions). Here we define Δ´ < 0.2 as 
having strong agreement, Δ´ < 0.4 as having good agreement and finally with Δ´ <0.6 as showing acceptable agreement. 
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This study includes Nd measurements representing 82% of the total Reff and 
Veff measurements. Successful size distribution retrievals are possible when the RSP 
measures a scattering angle range including the cloud-bow, which is dependent on solar 
zenith angle and the aircraft’s orientation. Of all measurements with a successful size 
distribution retrieval, 2% are excluded because the retrieved Nd was below 2 droplets 
cm-3, 0.2% are not included due to τ values being over 200, 2% are not included due 
to extinction cross-section value being below 100 µm2, and 15% are not included 
because of low cloud base. Supplementary Table S4 shows the number of Nd retrievals 
made on each day along with the number of points that were removed because of a 
parameter exceeding the thresholds. Note that a portion of the retrievals did not satisfy 
multiple requirements resulting in the removed and retrieved points exceeding 100% 
of the total Reff measurements. 6.6% of the values removed because of a low cloud 
base height originate from 5/26/2016, which was largely characterized by multilayered 
cloud systems as identified by the MODIS Cloud Multi Layer Flag. 
Overall, the geometric means of the RSP and CDP from all science flights have 
strong agreement with an R value of 0.96. A linear least squares fit has a slope of 0.92 
and an intercept of 0.3 droplets cm-3. Figure 2.4.4 shows the comparison of daily 
colocated geometric mean Nd values from both instruments for 12 science flights 
throughout the NAAMES-1 and NAAMES-2 campaigns. Despite the temporal and 
spatial differences in the comparison, the RSP and CDP’s geometric means compare 
well. From Figure 2.4.4 it can be seen that Nd observed during the NAAMES-1 
campaign are generally lower than the Nd observed during NAAMES-2. The mean Nd 
for NAAMES-1 is 20 droplets cm-3 while NAAMES-2 is 44 cm-3. The mean Nd value 
from both campaigns is 34 droplets cm-3. Supplementary Table S1 shows daily 
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colocated, campaign and entire study averages of cloud properties that include Nd, Reff, 
Veff, τ, CTH and H. From the individual components that the RSP Nd is comprised, it 
can be seen that there is no single cloud property dominating the variability in the 
retrieval. Reff relates inversely to Nd for the NAAMES-1 and NAAMES-2 campaign, 
which have mean values of 15 µm and 10 µm respectively. A slight decrease in the 
average cloud physical thickness is observed, varying from 1.6 km in NAAMES-1 to 
1.4 km in NAAMES-2. Interestingly, despite the observed micro and macrophysical 
changes over the campaigns, both campaigns share certain cloud properties including 
the same average Veff of 0.07, τ of 14 and have similar average CTH’s of 2.0 km and 
2.1 km for NAAMES-1 and 2 respectively.  
 
Figure 2.4.4: Daily colocated geometric mean droplet 
concentrations from the RSP and CDP for NAAMES 1 (+) and 2 
(◊) campaigns, geometric standard deviations shown as bars and 
linear least squares fit shown in blue. 
 
R=0.96 
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Table 2.1 shows the values of the daily colocated means for each instrument 
along with the Δ² and Δ´ metrics used to evaluate the comparisons. Table 3 also shows 
the daily standard deviation (𝜎) of each instrument. Overall, the Δ² metrics indicate the 
means generally have a strong comparison throughout both campaigns. The average of 
the absolute Δ² metrics is 0.20, indicating a 20% average difference between 
instruments. The Δ´ values indicate that the shape of the histograms have good 
agreement. The RSP’s average geometric standard deviation is 2.12 while the CDP’s is 
2.07. The RSP Nd histograms often resemble a log-normal distribution. Supplementary 
Figures 17 through 28 show the histogram comparison from each science flight. 
 	Date	 RSP	𝑵´	 𝝈𝑹𝑺𝑷	 CDP	𝑵´	 𝝈𝑪𝑫𝑷	 Δ²	 Δ´	
NAAM
ES-1	
11/12/2015	 60	 2.30	 66	 1.40	 -0.10	 0.63	11/14/2015	 8	 2.06	 10	 1.53	 -0.20	 0.22	11/17/2015	 10	 2.23	 7	 2.26	 0.28	 0.10	11/18/2015	 12	 1.86	 9	 1.71	 0.25	 0.15	11/23/2015	 10	 2.64	 9	 2.90	 0.11	 0.15	
NAAM
ES-2	 5/18/2016	 54	 2.17	 59	 2.22	 -0.09	 0.41	5/19/2016	 38	 2.29	 32	 2.91	 0.17	 0.35	5/26/2016	 13	 2.34	 17	 2.38	 -0.27	 0.16	5/27/2016	 77	 2.03	 95	 1.52	 -0.21	 0.55	5/28/2016	 39	 1.99	 41	 1.75	 -0.05	 0.22	5/29/2016	 45	 1.74	 30	 1.93	 0.41	 0.33	5/30/2016	 44	 1.76	 35	 2.17	 0.24	 0.27	
Table 2.1: Mean Nd values of the RSP and CDP for each day in the 
comparison along with a comparison of their means, 𝜟𝒎, and 
distribution shape, 𝜟𝒅. 
 
2.4.3 NAAMES-1 and NAAMES-2 Daily Analysis 
Here we evaluate additional aspects the comparisons on each day reviewing 
differences in geographic and temporal sampling between the instruments and the 
shape of the Nd distributions on each scientific flight included in the analysis. Diagrams 
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showing the flight path, measurement locations of the RSP and CDP overlain onto 
MODIS true color imagery for each day are shown as Supplementary Figures 5 through 
16. These diagrams emphasize colocation details as well as the cloud types on each day. 
Supplementary Table S3 details RSP measured cloud property statistics from each day 
including Reff, Veff, 𝜏, CTH and physical thickness. Supplementary Table S4 summarizes 
the Nd retrievals that were not included in this comparison. 
On 11/12/2015, the geographic colocation is reasonable with all CDP and RSP 
measurements primarily being made within an approximately 150 km wide region, with 
a few additional RSP measurements on a high-altitude remote sensing leg on the way 
into the co-sampling region near the ship. For this comparison, the aircraft flew at a 
low altitude with the CDP performing in situ measurements, and returned along a 
similar track above-cloud allowing the RSP to make measurements in a geographically 
similar location. Most measurements throughout this day were sampled by both 
instruments within 15 minutes of each other. The geometric means for the RSP and 
CDP are 60 and 66 droplets cm-3 and have strong agreement (Δ² = −0.10). However, 
the distribution shapes have the least amount of agreement of all comparisons (Δ´ =0.63).  The mean Nd of each instrument on 11/12/2015 are the highest values 
observed in the NAAMES-1 campaign. Both instruments made the highest number of 
Nd measurements during the NAAMES-1 on this day with the RSP making 1611 and 
the CDP making 2109. Despite the large Nd values observed on this day, the mean RSP 
droplet Reff value is 14 µm, which is comparable to the mean observed during 
NAAMES-1 campaign. The average Veff is 0.03, which is the lowest mean value 
observed during both campaigns. The average 𝜏 is 22 cm-3, which is the highest of the 
NAAMES-1 campaign and second only to 5/18/2016. 
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On 11/14/2015, the geographic colocation of these measurements is good on 
this day with the domain size of the comparison being approximately 120 km by 150 
km. Figure 2.4.5 (left) details C-130 flight path (blue), and locations of RSP 
measurements (red) and CDP measurements (green) overlaid onto a MODIS true color 
image which details cloud structure. Note that here the CDP makes Nd measurements 
every second while flying through cloud, therefore the data here are different subsets 
than used in the previous section. The RSP made 318 Nd measurements over 3 flight 
legs ranging from 12.71 UTC to 18.00 UTC. The CDP recorded 543 Nd measurements 
through 6 cloud profiles occurring between 13.60 and 16.95 UTC. Observations 
throughout the day are characteristically pristine with both the RSP and CDP observing 
low Nd concentrations. The geometric mean Nd value observed by the RSP was 8 
droplets cm-3 and the CDP recorded a mean of 10 droplets cm-3. Both means have 
good agreement (Δ² = −0.20). Figure 2.4.6 (left) shows normalized histograms of all 
measurements made by the RSP (red) and CDP (green) on 11/14/2015. It can be seen 
that the RSP observes a slightly broader distribution than the CDP with a few high 
values (>50 droplets cm-3), however we find the distributions to have good agreement 
(Δ´ = 0.22). The open cell clouds resulted in this day having the lowest number of 
retrievals performed by the RSP (#Nd=318) while the CDP made 543 Nd 
measurements. These were the lowest mean Nd’s observed during both campaigns. It 
corresponds that the RSP observed the largest mean Reff on this day (20 µm) from both 
campaigns. The average 𝜏 was 11. This day had an average CTH of 1.3 km, which is 
the lowest from the NAAMES-1 campaign and a corresponding mean cloud thickness 
of 1.0 km. 
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Figure 2.4.5: C-130 flight paths (blue) overlaid onto MODIS Aqua imagery. 
November 14th 2015 (left) and May 28th 2016 (right) with RSP measurements 
shown in red and LARGE CDP in green. Coastal areas shown as orange with 
Greenland (top) and Newfoundland (left). 
 
 
Figure 2.4.6: Normalized histograms of droplet concentration retrievals on 
November 14th 2015 (left) and May 28th 2016 (right) for the RSP (red) and the 
CDP (green). 
 
On 11/17/2015, the sampling is temporally close with measurements being 
made by each instrument within approximately 30 minutes of one another, but the 
aircraft did not overpass the same geographic location. The geometric means for the 
RSP and CDP are 10 and 7 droplets cm-3 and have reasonable agreement (Δ² = 0.28). 
11/14/2015	µµ¶· = 8	cm`[	µ¸¹· = 10	cm`[	Δ² = −0.20	Δ´ = 0.22	
5/28/2016	µµ¶· = 39	cm`[	µ¸¹· = 41	cm`[	Δ² = −0.05	Δ´ = 0.22	
Chapter 2: Polarimetric Retrievals of Cloud Droplet Number Concentration      
 
80
The distribution shapes also have good agreement (Δ´ = 0.10). The mean Reff and τ 
were 15 µm and 12 respectively, which were near the average values of the NAAMES-
1 campaign. The mean CTH was 2.1 km. This day has the highest mean Veff and cloud 
physical thickness, which are 0.12 and 1.9 km respectively. The high value of cloud 
thickness matches that of the second half of the NAAMES-1 campaign. 
On 11/18/2015, the geographic colocation is acceptable with the RSP making 
all measurements before the aircraft entered a bowtie pattern for in situ sampling 
around the ship, the average spacing between the RSP and CDP measurements is 
approximately 150 km. Temporally, the measurements range from being made within 
15 minutes to 4.5 hours of each other. The means for the RSP and CDP are 12 and 9 
droplets cm-3, which don’t agree well (Δ² = 0.25). However, the distribution shapes 
do have a good agreement (Δ´ = 0.15). The different in location and timing of 
measurements is thought to be the source of the discrepancy between measurements 
on this day. The Reff, Veff and τ were 12 µm, 0.08 and 10 respectively, which were all 
close to the average values throughout the NAAMES-1 campaign. This day has one of 
the highest average CTH of the NAAMES-1 campaign at 2.8 km, and a high mean 
cloud physical thickness of 1.9 km. 
On 11/23/2015, the geographic colocation is acceptable, however a large 
cluster of RSP measurements are made over 300 km from the in situ measurements. 
The geometric means for the RSP and CDP are 10 and 9 droplets cm-3, which have a 
good amount of agreement (Δ² = 0.11). The distribution shapes also have a good 
amount of agreement (Δ´ = 0.15). The Reff and τ were 12 µm and 14 respectively. The 
Veff was 0.04 which was one of the lowest values observed between both campaigns. 
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Similarly to 11/18/2015, this day has one of the highest average CTH of the 
NAAMES-1 campaign at 2.8 km, and a high mean cloud physical thickness of 1.9 km. 
For the NAAMES-2 campaign, on 5/18/2016, the geographic colocation is 
very good with the aircraft flying multiple legs throughout a 200 km wide region. 
Temporally, the instruments sampled at most 60 minutes apart but often much nearer. 
The means for the RSP and CDP are 54 and 59 droplets cm-3 and have strong 
agreement (Δ² = −0.09), however, the distribution shapes do not agree well (Δ´ =0.41). The Reff and Veff are 9 µm and 0.05, which are below average for the NAAMES-
2 campaign. This day saw the highest mean τ from both campaigns at 25.  
On 5/19/2016, measurements made by both instruments cover a large 
geographic domain and the aircraft also did not fly consecutive legs over the same area, 
therefore, the colocation is poor on this day. Temporally, the sampling is acceptable 
with both instruments sampling close to one another. The geometric means for the 
RSP and CDP are 38 and 32 droplets cm-3 and have strong agreement (Δ² = 0.17). 
The distribution shapes do not agree well (Δ´ = 0.35). The stratocumulus clouds 
allowed both instruments to make the highest number of Nd measurements from both 
campaigns with the RSP making 7243 and the CDP making 3118. 
On 5/26/2016, the geographic colocation is good with the most RSP and CDP 
measurements primarily being made within an approximately 150 km wide region. 
Temporally, sampling was also good with measurements alternating between the 
instruments. The geometric means for the RSP and CDP are 13 and 17 droplets cm-3 
and have good agreement (Δ² = −0.27). The distribution shapes also have a good 
amount of agreement (Δ´ = 0.16). Interestingly, the Veff, CTH and physical thickness 
are all the highest values from both campaigns at 0.13, 3.1 km and 2.8 km, respectively. 
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The Nd is by far the lowest of the NAAMES-2 campaign while the Reff is average for 
NAAMES-2 at 10 µm. 
On 5/27/2016, the geographic colocation is reasonable with all CDP 
measurements overlapping RSP measurements. Temporally, sampling was excellent 
with measurements alternating between the instruments. The geometric means for the 
RSP and CDP are 77 and 95 droplets cm-3 and have good agreement (Δ² = −0.21). 
The distribution shapes do not have good agreement (Δ´ = 0.55). This day has by far 
the highest mean Nd’s observed for both campaigns and also one of the lowest Veff 
observed at 0.04.  
On 5/28/2016, the geographic colocation is also good with most of the 
measurements being made within a domain that is approximately 75 km by 100 km. 
Figure 2.4.5 (right) shows the flight path (blue), locations of instrument measurements 
overlaid onto MODIS true color image which details cloud structure. The RSP made 
2058 Nd measurements between 12.06 and 18.72 UTC. The CDP recorded 2208 Nd 
measurements throughout about 15 cloud profiles between 12.24 and 17.88 UTC. The 
geometric mean Nd value observed by the RSP was 39 droplets cm-3 and the CDP 
recorded a mean of 41 droplets cm-3 for the day. The means have strong agreement 
(Δ² = −0.05). Figure 2.4.6 (right) shows normalized histograms of the measurements 
made by the RSP (red) and CDP (green) on 5/28/2016. We find the shape of the 
distributions have good agreement (Δ´ = 0.22). 
On 5/29/2016, the geographic colocation is low the aircraft primarily flying at 
a high altitude and not co-sampling regions. This day was dominated by remote sensing 
(#Nd=6194) with few in situ CDP measurements (#Nd=226). This day has the highest 
imbalance between remote sensing observations and in situ measurements. The 
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geometric means for the RSP and CDP are 45 and 30 droplets cm-3 and have acceptable 
agreement (Δ² = 0.41). The distribution shapes have good agreement (Δ´ = 0.33). 
The mean Nd was close to the average for the NAAMES-2 campaign. Similarly to 
5/18/2016 and 5/27/2016, 5/29/2016 has one of the lowest Veff observed (0.05) 
throughout both campaigns, as well as a relatively low physical thickness (0.8 km).  
On 5/30/2016, the geographic colocation is good with the all CDP and RSP 
measurements primarily being made within an approximately 150 km wide region. 
Temporally, sampling alternated by each instrument in a beneficial manner. The 
geometric means for the RSP and CDP are 44 and 35 droplets cm-3 and have good 
agreement (Δ² = 0.24). The distribution shapes also have a good agreement (Δ´ =0.27). This day had a low average physical thickness at 0.6 km. 
Overall, the weakest mean comparisons (Δ²) occur on 11/17/2015 and 
11/18/2015 when open celled cloud structures were sampled, however strong mean 
comparisons of open celled cloud structures also occur. No apparent relation is found 
between the strength of the distribution shape agreement (Δ´) and sampled cloud type. 
2.5 Conclusion 
We presented a theoretical basis of retrieving Nd using polarimetric retrievals 
from cloud optical thickness, extinction cross-section and cloud physical thickness. The 
RSP is able to retrieve the droplet size distribution (Reff & Veff) allowing the mean cloud 
top extinction cross-section to be found. The presented method of determining cloud 
physical thickness utilizes polarimetric retrievals in an atmospheric absorption band. 
The additional information provided by polarimetric measurements allows Nd to be 
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retrieved using only two assumptions: a linearly increasing LWC, and a constant Nd 
profile through the cloud. One of the primary advantages of the polarimetric technique 
is that it uses three nearly independent parameters to retrieve Nd, reducing reliance on 
any single parameter. This can be contrasted with the MODIS method, which has 
strong sensitivity to uncertainty in the Reff retrieval (Bennartz et al., 2007; Grosvenor 
et al., 2018). Another advantage comes from the RSPs ability to measure the width of 
the droplet size distribution by assuming a modified gamma distribution. This 
parameter is assumed to be constant in the MODIS method (Grosvenor et al., 2018). 
The accuracy of the retrieval was demonstrated by comparing to in situ 
measurements of cloud base height as well as daily colocated geometric mean Nd 
measurements from the CDP. Comparing these Nd values from the RSP and CDP over 
broad spatial and temporal domains from 12 days throughout both campaigns revealed 
an R value of 0.96 and a linear least squares fit having a slope of 0.92 and Y-intercept 
of 0.3 droplets cm-3. A part of the good agreement in this comparison is attributed to 
the radiometric uncertainty of τ and H having a partial canceling effect across most τ 
and SZAs. These results build confidence in the polarimetric method. 
Both the RSP and CDP observe an apparent seasonal cycle whereby cloud 
droplets with large Reff and low Nd are observed during the fall campaign (NAAMES-
1) and, conversely, smaller Reff with high Nd  are observed in the spring (NAAMES-2). 
These observed changes in Nd and Reff are consistent with the Twomey effect whereby 
an increase in CCN concentration results in an increase in Nd and, with LWC remaining 
constant, a decrease in Reff (Twomey, 1977). It has been found that in this region large 
amounts of the variance in marine CCN concentrations can be explained by DMS from 
the phytoplankton bloom (Sanchez et al., 2018), although meteorological differences 
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between the campaigns also plays an important role. NAAMES-1 is characteristic of a 
clean marine environment, while the phytoplankton bloom is at a minimum, having 
less organic aerosols in the boundary layer. NAAMES-2, close to the phytoplankton 
bloom maximum, has higher CCN concentrations. Similar findings have been observed 
in the South Atlantic and northeast Pacific oceans (Andreae et al., 1995; Hegg et al., 
1991; Charlson et al., 1987). Other effects including changes in atmospheric sea salt 
concentrations, wind speeds, updraft velocities and continental influences are also 
expected to play a role (Sanchez et al., 2018). 
RSP’s ability to measure cloud physical thickness is validated by comparing 
measurements of cloud base made by the RSP, CDP and ceilometer aboard RV 
Atlantis. The RSP’s mean cloud base heights were found to have a correlation 
coefficient of 0.83 with the aircraft profiling measurements and 0.79 when compared 
to those from the ceilometer aboard the RV Atlantis. The relatively few number of 
cloud base height measurements made by aircraft profiling makes the cloud base height 
comparison particularly susceptible to inaccuracies resulting from temporal and spatial 
colocation issues. The cloud thickness estimates have good correlation, however -396 
m and -273 m offsets exist when comparing to the aircraft profiles and ceilometer, 
respectively. These biases can be the result of cloud inhomogeneity, uncertainty in the 
liquid water profile, multilayered clouds or a bias in the radiative transfer code used to 
determine in-cloud water vapor.  
From the analysis of uncertainty in the lapse rate, CTH retrieval and radiometric 
calibration, we suspect that cloud inhomogeneities involving multi-layered systems and 
3D cloud structure contribute the bulk of the errors in the retrieval. These 
inhomogeneities result in non-linear variations in the liquid water profile and the 
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saturation vapor mixing ratios below 100% within the cloud. To better understand and 
constrain uncertainties in the cloud thickness estimate, a 3D forward model using 
output from a Large Eddy Simulation of shallow cumulus clouds will be utilized in 
future work to study the aforementioned uncertainties. This will also allow other 
processes captured by the model that relate to the RSP Nd retrieval to be studied 
including droplet effective radius, effective variance, cloud physical thickness, liquid 
water content, lapse rates and vertical motion. This model analysis will also allow the 
polarimetric technique and it’s uncertainty to be compared to other conventional Nd 
retrieval methods. 
The development of a new and accurate method of retrieving Nd using a 
polarimeter is expected to bridge the gap between accurate, but temporally and spatially 
limited, in situ measurements and remote sensing measurements with broader temporal 
and spatial resolutions. These more robust and complete analyses of cloud observations 
will result in a better understanding of cloud microphysics, cloud processes and 
aerosol-cloud interactions. Building off these studies, this information will be extremely 
beneficial for constraining high-resolution large-eddy simulations (LES) and cloud 
parameterizations in lower resolution models. 
Parts of the polarimetric Nd retrieval are interchangable and can be 
implemented using multiple techniques, which thereby allows a broader set of 
polarimetric instruments to use the technique and in some cases will lead to increased 
accuracy in the retrieval. For example, the cloud thickness estimate could also be 
implemented using the oxygen A-band (cf. Rozanov & Kokhanovsky, 2004), which 
would remove uncertainties arising from the water vapor and temperature profiles. 
Note that polarimetric measurements in the oxygen A-band would enable the cloud 
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top height and thickness to be retrieved in the method presented here. Multi-angle total 
reflectance measurements in the oxygen A-band are also shown to contain information 
about cloud physical thickness (Ferlay et al., 2010). Furthermore, errors in the cloud 
optical thickness from cloud 3D effects cloud be reduced by measuring it at multiple 
angles, instead of only at nadir. However, implementation of this for RSP is left to 
future work. 
It is expected that a future space-based polarimeter with sufficient angular 
resolution would be capable of implementing the technique in its presented form. The 
Plankton, Aerosol, Cloud, ocean Ecosystem (PACE) Satellite, which will contain a 
multiangular polarimeter payload and be launched in 2022 (Werdell, 2017), is one such 
example. Supporting further development of polarimetric retrievals of Nd will lay the 
groundwork for future global measurements. Eventually, this will allow GCM cloud 
parameters to be observationally constrained reducing the uncertainties associated with 
cloud radiative forcing and aerosol-cloud interactions. 
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2.6 Supplementary Tables and Figures 
Supplementary Figures (1, 2 & 3): Uncertainty plots 
The following plots show the maximum uncertainty for a 3% radiometric calibration 
relative uncertainty. The plots show uncertainty for COT, H and Nd along with the effect 



















Supplementary Figure 4: Cloud Thickness Uncertainty 
 
In-cloud water vapor quantities of 254 cm-atm, 513 cm-atm and 1045 cm-atm are used, 
which correspond to the 25th, median and 75th percentiles of all in-cloud water vapor 
measurements made during NAAMES 1 & 2. The calculation uses a standard 3 km CTH 
and 262oC cloud top temperature for the calculation. From this, the three amounts of in-
cloud water vapor correspond to clouds that are 763 m, 1305 m, and 2079 m thick. The 
dotted line corresponds to the 763 m thick cloud, the solid line to the 1305 m thick cloud 
and the dash-dot to the 2079 thick cloud. The labelled number corresponds to the 
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Supplementary Figures (5 through 16): NAAMES 1 & 2 Comparison Colocation 
 
Below are figures detailing C-130 flight paths (blue) overlaid onto MODIS Aqua 
imagery. Red addition signs show RSP Nd measurement locations. Green diamonds 
represent CDP measurement locations. Orange lines are coasts, Greenland can be seen 
top and Newfoundland Canada, left. 
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Supplementary Figures (17 through 28): NAAMES 1 & 2 Comparison Histograms 
Normalized histograms of droplet concentration retrievals for the RSP (red) and the 
CDP (green). The date, mean values (µ), and comparison values (Δ² & Δ´) are given 
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Cloud top height (CTH) affects the radiative properties of clouds. Improved CTH 
observations will allow for improved parameterizations in large-scale models and 
accurate information on CTH is also important when studying variations in freezing 
point and cloud microphysics. NASA’s airborne Research Scanning Polarimeter (RSP) 
is able to measure top height using a novel multi-angular contrast approach. For the 
determination of CTH, a set of consecutive nadir reflectances is selected and the cross 
correlations between this set and collocated sets at other viewing angles are calculated 
for a range of assumed cloud top heights, yielding a correlation profile. Under the 
assumption that cloud reflectances are isotropic, local peaks in the correlation profile 
indicate cloud layers. This technique can be applied to every RSP footprint and we 
demonstrate that detection of multiple peaks in the correlation profile allows retrieval 
of heights of multiple cloud layers within single RSP footprints. This paper provides 
an in-depth description of the architecture and performance of the RSP’s CTH retrieval 
technique using data obtained during the Studies of Emissions and Atmospheric 
Composition, Clouds and Climate Coupling by Regional Surveys (SEAC4RS) 
campaign. RSP-retrieved cloud heights are evaluated using collocated data from the 
Cloud Physics Lidar (CPL). The method’s accuracy associated with the magnitude of 
correlation, optical thickness, cloud thickness and cloud height are explored. The 
technique is applied to measurements at a wavelength of 670 and 1880nm and their 
combination. The 1880nm band is virtually insensitive to the lower troposphere due to 
strong water vapor absorption.  
It is found that each band is well suitable for retrieving heights of cloud layers 
with optical thicknesses above about 0.1 and that RSP cloud layer height retrievals more 
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accurately correspond to CPL cloud middle than cloud top. It is also found that the 
1880 nm band yields the most accurate results for clouds at middle and high altitudes 
(4.0 to 17 km), while the 670 nm band is most accurate at low and middle altitudes 
(1.0–13.0 km). The dual band performs best over the broadest range and is suitable for 
accurately retrieving cloud layer heights between 1.0 and 16.0 km. Generally, the 
accuracy of the retrieved cloud top heights increases with increasing correlation value. 
Improved accuracy is achieved by using customized filtering techniques for each band 
with the most significant improvements occurring in the primary layer retrievals. RSP 
is able to measure a primary layer CTH with a median error of about 0.5 km when 
compared to CPL. For multilayered scenes, the second and third layer heights are 
determined median errors of about 1.5 and 2.0–2.5 km, respectively.  
 
  




Clouds cover roughly two thirds of the globe (Mace et al., 2009) and act as an 
important regulator of the Earth’s radiation budget (Boucher et al., 2013). Changes to 
cloud vertical structure (location of cloud top and base, number and thickness of layers) 
affect the radiative properties of clouds (Boucher et al., 2013) and can have significant 
effects on climate (Collins et al., 1994). In addition to global studies, detailed regional 
observations are crucial to improve our physical understanding of the relationships 
between cloud top height (CTH), environmental conditions and other cloud properties. 
Furthermore, accurate information on CTH is critical when studying vertical variations 
in freezing point and other cloud microphysical parameters such as particle effective 
radius and ice particle shape (Alexandrov et al., 2015, 2016; Lensky and Rosenfeld, 
2006; Rosenfeld et al., 2008; van Diedenhoven et al., 2014, 2016). Additional 
observations of cloud top height will lead to a better understanding of its relationship 
to cloud thermodynamic phase, atmospheric dynamics, relative humidity and aerosol 
concentrations that is needed for improved sub-grid parameterizations in largescale 
models.  
Wang and Rossow (1998) found that the three most important parameters 
linking clouds to the circulation of the Earth’s atmosphere in general circulation models 
(GCMs) are the height of the top layer, the presence of multilayered clouds and the 
separation distance between layers in multilayered systems. Wang et al. (2000) found 
that multilayered clouds occur 42 % of the time and are predominantly two-layered 
with an average separation of 2.2 km. Multilayer clouds are challenging for radiometric 
instruments, affecting retrievals of many cloud properties, particularly CTH. 
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Traditionally, most passive remote sensing instruments are limited to the retrieval of 
information from the uppermost cloud layer or column-integrated properties (Wang et 
al., 2000; Menzel et al., 2008; Fisher et al., 2016).  
Passive methods capable of retrieving CTH that have been implemented use 
techniques including photogrammetry (Muller et al., 2002), oxygen A-band absorption 
(Wu, 1985; van Diedenhoven et al., 2007), CO2 slicing (Menzel et al., 1983), Rayleigh 
scattering of polarized reflectance at short wavelengths (Buriez et al., 1997; van 
Diedenhoven et al., 2013) and 11 µm window brightness temperatures (Menzel et al., 
2008). Cloud top pressure can be determined by using a ratio of two radiances in the 
oxygen A band, whereby one measured radiance covers the A band and windows on 
either side and the other is inside the oxygen absorption band. The Polarization and 
Directionality of the Earth’s Reflectances (POLDER) instrument uses this technique 
(Buriez et al., 1997). POLDER also uses observations of polarized reflectance at 443 
nm, which is dominated by molecular scattering and related to the pressure of air above 
clouds (Buriez et al., 1997). Moderate Resolution Imaging Spectroradiometer (MODIS) 
instruments use a CO2 slicing technique that is based on CO2 being a uniformly mixed 
gas that becomes more opaque lower in the atmosphere due to CO2 absorption as the 
wavelength increases from 13.3 to 15 µm (Menzel et al., 2008; Wind et al., 2010). 
Radiances obtained from within this range are therefore sensitive to different heights 
in the atmosphere. MODIS can also measure cloud top height using brightness 
temperature measurements in the 11 µm atmospheric window under the assumption 
of clouds emitting as grey bodies and either the cloud being opaque or knowing it’s 
optical thickness and the temperature of the lower layer. The Multi-angle Imaging 
SpectroRadiometer (MISR) (Marchand et al., 2007) uses photogrammetry which 
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applies the concept of “parallax”, or changes in the apparent position of a cloud with 
view angle, to calculate the height of the cloud above the surface. Cloud heights are 
identified using either an area-based or a feature-based matching algorithm. The 
multipoint matcher using means (M2) and multipoint matcher using medians (M3) are 
common methods (Muller et al., 2002). The methods determine a single altitude by 
matching pixels from multiple images that minimizes the difference and is below a 
predetermined threshold (Diner et al., 1999). Using MISR and MODIS, Naud et al. 
(2007) found that multilayered cloud scenes increase single-layered CTH retrieval 
errors. Multiple cloud layers were found to be detectable by looking at the discrepancy 
between MODIS and MISR CTHs. However, multilayered clouds went undetected 
when both MODIS and MISR detected the same layer. MISR tends to retrieve the layer 
of higher contrast, which is most often the lower, optically thicker layer (Naud et al., 
2002).  
Here, we present a novel multi-angular contrast approach to retrieve CTH that 
is applied to NASA’s airborne Research Scanning Polarimeter (RSP). The approach 
uses photogrammetry and can be applied to every RSP footprint. We demonstrate the 
method’s ability to retrieve heights of multiple cloud layers within single RSP 
footprints, using the multiple views available for each footprint. This paper provides 
an in-depth description and performance analysis of the RSP’s CTH retrieval technique 
using data obtained during the Studies of Emissions and Atmospheric Composition, 
Clouds and Climate Coupling by Regional Surveys (SEAC4RS; Toon et al., 2016) 
campaign. The retrieved cloud heights are evaluated using collocated data from the 
Cloud Physics Lidar (CPL; McGill et al., 2002). Given the strong variability in cloud 
top heights, the presence of multilayered cloud and the collocation of RSP and CPL, 
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the SEAC4RS campaign provides an exceptional dataset for evaluating the multi-
angular contrast approach for cloud top height retrievals. Accurate RSP cloud top 
height measurements and the identification of multilayered clouds are important to 
provide context for the other RSP cloud products including particle effective radius, 
cloud top phase and ice crystals shape (Alexandrov et al., 2015, 2016; van Diedenhoven 
et al., 2016).  
Section 3.2 provides details on the campaign and data that are used in addition 
to background information on RSP and CPL. Section 3.3 gives a description of the 
retrieval approach. Section 3.4 presents a full mission comparison with CPL and a 
performance analysis evaluating the strengths and weaknesses of the approach. This 
section is concluded with a final analysis using the most effective retrieval parameters. 
Section 3.5 concludes the analysis by reviewing the main results along with a discussion 
of tradeoffs between the capabilities and limitations of the technique.  
3.2 Measurements 
3.2.1 RSP 
The RSP (Cairns et al., 1999) is an airborne prototype of the Aerosol 
Polarimetry Sensor (APS) that was on board the Glory satellite, which failed to reach 
orbit in March 2011. RSP makes polarimetric and total intensity measurements in nine 
spectral bands in the visible/near-infrared and shortwave infrared, scanning along the 
track of the aircraft over a maximum of 152 viewing angles spaced 0.8◦ apart. The 
instantaneous field of view of the RSP is 14 mrad, resulting in a pixel size of about 280 
m on the ground when flying at 20 km, with the pixel size decreasing as cloud tops get 
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closer to the aircraft altitude. RSP is able to sweep ±60◦ from nadir along the aircraft’s 
track. However, when mounted on the ER-2 only 134 angles are usable ranging from 
41◦ forward to 79◦ aft. When the aircraft orientation and velocity vector are aligned (i.e., 
no yaw), multiple scans will measure the same feature multiple times from a variety of 
angles, which can be aggregated into “virtual” scans consisting of the reflectance at the 
full range of viewing angles for a single footprint at the cloud top (Alexandrov et al., 
2012). If the reflectance is not aggregated to the correct cloud top, then different angles 
observe different locations on the cloud.  
RSP is able to measure aerosol, cloud and ground heights using a novel 
multiangular contrast approach detailed in Sect. 3.1, which is a variation on the method 
described by Marchand et al. (2007). Here, cloud and some aerosol layer heights are 
calculated using three different sets of spectral bands: the 670, the 1880 and a 670/1880 
nm pair. The 1880 nm band is virtually insensitive to the lower troposphere due to 
strong water vapor absorption (Meyer et al., 2016) and has been shown to best sense 
optically thin higher-altitude clouds, while the visible 670 nm band is sensitive to the 
CTH of lower-level optically thicker clouds. The dual band configuration aims to make 
use of the strengths of each individual bands.  
3.2.2 CPL 
The CPL is a lidar system, built for use on the NASA ER-2 high-altitude 
aircraft, capable of profiling with 30 m vertical and 200 m horizontal resolution at 1064, 
532 and 355 nm (McGill et al., 2002). CPL is pointed at 1–2◦ from nadir, depending on 
aircraft attitude. The CPL and RSP instruments have similar fields of view and here 
CPL and RSP observations with the closest time stamps are compared. CPL measures 
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vertical profiles of backscatter to height of signal attenuation (an optical thickness of 
about 3), providing cloud vertical structure, including cloud top height, depth and 
presence of multiple cloud layers. CPL determines CTH by using its fundamental 
measurement of a range-resolved profile of backscatter intensity. These profiles 
contain backscatter signals from a variety of entities including clouds, aerosol layers, 
regions of clear air and returns from the Earth’s surface. CPL can also determine cloud 
phase by measuring the depolarization ratio of the 1064 nm output (Yorks et al., 2011). 
Here we use the CPL layer products including extinction, layer top height, layer bottom 
height and layer type (McGill et. al., 2002). Layers identified as aerosol and cloud layers 
are both included in the analysis since CPL tends to occasionally misclassify clouds as 
aerosols. Furthermore, RSP’s algorithm is not restricted to cloud layers and is capable 
of inferring heights of elevated thick aerosol layers too.  
 
3.2.3 SEAC4RS Campaign 
The NASA-led SEAC4RS campaign (Toon et al., 2016) was primarily based in 
Houston in 2013 and targeted the continental United States and the Gulf of Mexico. 
A multitude of remote sensing and in situ information was collected with the goals of 
enhancing our understanding of how natural and anthropogenic pollution affect 
atmospheric chemistry, composition and climate. The campaign collected information 
with a variety of instruments including polarimeters, spectrometers, lidar, radar as well 
as in situ probes. During this campaign, the RSP and CPL were mounted on NASA’s 
ER-2 high-altitude aircraft flying at a nominal altitude of 18– 20 km. The CPL’s nadir 
measurement is made within 1–2◦ of RSP’s, allowing cloud measurements to be directly 
compared.  
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Data used in this analysis were collected over eight flights during the SEAC4RS 
experiment including 21 August and 2, 4, 11, 13, 16, 18 and 22 September 2013. Special 
focus is given to a leg of the ER-2 aircraft flight path on 16 September 2013 starting at 
16.6 UTC, when a multilayered cloud was encountered.  
3.3 Retrieval Methodology 
3.3.1 CTH Retrieval Approach 
RSP’s multi-angular contrast approach to retrieve CTH uses the concept of 
parallax as depicted in Figure 3.3.1. First, the variation of nadir reflectances over a given 
number of sequential footprints is determined. For this study, we use sets of 17 
measurements consisting of one at the footprint for which the CTH is being inferred 
plus 8 measurements before and after (Figure 3.3.1, blue box). The cumulative cross 
correlation between this set of nadir measurements and measurements at other viewing 
angles is determined for data that are aggregated to a range of assumed cloud top 
heights placed at 100 m vertical increments ranging from 0 to 20 km (Figure 3.3.1, red 
and purple boxes).  
 
 




Figure 3.3.1: Illustration of the CTH retrieval approach with (a) RSP intensity 
measurements shown with reference nadir reflectances (blue box) along with 
2 sets of reflectances assuming 2 different cloud top heights (red and purple 
boxes) and (b) the corresponding correlation profile. 
 
Given the statistics of the results presented later, the 100m increment was 
deemed sufficiently small. Differing footprint sizes resulting from viewing angle 
geometry are not considered to affect correlation profile results. For each nadir 
footprint obtained at time t, the normalized cumulative cross correlation ρ(t,h) for 
aggregation height h is calculated as: 
 
𝜌 𝑡, ℎ = 1𝑁Û 1𝑁¼ 𝑅>,Ü − 𝑅> 𝑅Ü 𝜃u, ℎ − 𝑅 𝜃Ý, ℎ𝜎>𝜎uÁÞÜ_
Áß
u_ , 3.1 
  
where R0 is the reference set of NR nadir reflectances (referred to as nadir template 
hereafter), and R(θi,h) is a set of NR reflectances measured at angle θi when aggregated 
at height h. As discussed above, here we take NR = 17. Mean values of the reflectance 
R0 and R(θi , h) are given by R0 and R(θi , h), respectively, while the standard deviations 
of the reflectance are given by σ0 and σi , respectively. Nθ is the total number of angles 
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included, which is 134 for RSP mounted on the ER-2, as discussed above. Note that, 
for clarity, we omitted dependencies of all quantities on time t in Eq. (1).  
Computing the cross correlation for all aggregation heights at a single footprint 
results in a correlation profile as illustrated in Figure 3.3.1 (right). Since the variation 
over sequential footprints is likely to be similar at all viewing angles, the cloud top 
height that leads to the highest correlation with the nadir reference set is taken to be 
the primary retrieved cloud layer height (Figure 3.3.1, right). Multiple peaks in the 
correlation profile can be indicative of multiple cloud layers and in some cases 
correspond to up to three cloud layers when valid second and third peaks are identified. 
Note that in most cases multiple peaks result from the RSP observing cloud layers 
beneath overcast, optically thin upper layers. This method is applied to all RSP 
footprints in each flight leg, creating a correlation map as depicted in Figure 3.3.2.  
 
Figure 3.3.2: CPL optical thickness (top) and corresponding RSP correlation 
map (bottom) for September 16th 2013 from 16.6 to 17.85 UTC. 
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To find peaks in correlation profiles that correspond to cloud layer heights, a 
boxcar smoothing function is first used to reduce noise; in this case the boxcar function 
is five bins wide and each bin has a 100 m height corresponding to the vertical 
increments used in constructing the correlation map. The first derivative of the 
smoothed data is taken from which local maxima are taken. The largest local maximum 
corresponds to the primary layer height, while two subsequent largest local maxima are 
saved and may be used to identify multiple layers in the scene. This approach is applied 
to RSP measurements at 670 and 1880 nm, the dual band approach first averages the 
correlation maps of each individual band before applying the smoothing function and 
retrieving the maxima. This yields three separate CTH products as evaluated in Sect. 4.  
3.3.2 Comparison with CPL 
Performance of the method is evaluated using CTHs retrieved by CPL. CPL 
data provide layer top height, layer bottom height and layer type for layers down to the 
level where the lidar attenuates, which is at an optical depth of about 3. Figure 3.3.3 
details three cases showing CPL-retrieved cloud layers (grey) along with corresponding 
RSP correlation profiles for the 1880 nm channel. The RSP correlation profiles are 
taken from the same flight leg shown in Figure 3.3.2. RSP cloud layers found using the 
method described in the above section are shown as blue stars in each of the plots.  
 




Figure 3.3.3: (a) A single-layer RSP correlation profile with the detected layer’s 
height shown as a blue star and the CPL-detected cloud boundaries shown in 
light grey. (b) Same as (a) but detailing a 2-layer cloud profile. (c) Same as (a) 
but detailing a 3-layer cloud profile. Data was obtained on September 16th 
2013. 
3.4 Results 
This section provides a performance analysis of the method with the goal of 
identifying strengths and weaknesses. Section 4.1 presents an analysis of the RSP 
technique applied to the SEAC4RS mission to quantitatively assess the method’s ability 
to sense cloud layer heights. Section 4.2 compares the number of cloud layers detected 
by RSP and CPL. Section 4.3 analyzes aspects of the nadir template, including how its 
width and the variation of intensity within the template affect the accuracy of the 
method. Section 4.4 investigates how the magnitude of each layer’s peak correlation is 
related to the accuracy of the retrieved CTH. Section 4.5 explores how cloud optical 
thickness (COT) affects the accuracy of the method, giving special focus to optically 
thin clouds. Section 4.6 examines whether the RSP height retrieval better corresponds 
to CPL-retrieved cloud top or cloud middle and how this varies with altitude. Section 
4.7 shows how the errors and biases of the first, second and third peaks vary with 
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height. Lastly, Sect. 4.8 presents a summary of the comparison to CPL using an 
optimized set of retrieval parameters.  
3.4.1 RSP and CPL CTH comparison  
A summary of a baseline comparison between RSP and CPL, including the 
number of cases, median and mean differences, standard deviation and correlation 
coefficient, is given in Table 3.1. The comparison uses minimal filtering, namely only 
considering (a) RSP correlation peaks aggregated between 1.0 and 17.5 km in order to 
avoid interference by the surface or the aircraft; (b) peaks with a minimum correlation 
value of 0.1; and (c) second and third correlation peaks with at least 0.5 times the 
primary peak correlation value. All retrieved RSP layers are compared to the top of the 
closest CPL layer. The comparison uses data collected over eight flights of the 
SEAC4RS campaign.  
 
 1880 nm band 670 nm band Dual Band 
1st 
 
Median Error [km] 0.58 0.74 0.61 
Mean Error [km] 1.06 1.68 1.22 
Np 115783 112911 121679 
Std. Dev. 1.90 2.67 2.14 
Corr. Coeff. 0.87 0.81 0.87 
2nd 
 
Median Error [km] 1.26 1.69 1.30 
Mean Error [km] 1.92 2.60 2.28 
Np 48883 51812 61961 
Std. Dev. 2.79 3.29 3.25 
Corr. Coeff. 0.71 0.66 0.68 
3rd Median Error [km] 2.03 2.50 2.10 
Mean Error [km] 2.67 3.25 2.92 
Np 28493 32766 37577 
Std. Dev. 3.58 3.77 3.70 
Corr. Coeff. 0.58 0.55 0.58 
Table 3.1: Summary of baseline comparison. 
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Results for each of the wavelength bands show a generally good agreement with 
the CPL observed heights. As seen in Table 3.1, the 1880 nm band’s primary peak gives 
the best agreement with CPL with a 0.58 km median error. The dual band gives similar 
results (0.61 km) along with the largest number of valid data points (121679). The 
median error of the result using the 670 nm band is substantially larger at 0.74 km with 
112 911 valid data points. All bands yield strong correlation coefficients for primary 
layer heights and reasonable values for secondary heights. Third-layer metrics are 
notably degraded for all bands. The dual band consistently yields the highest number 
of valid comparisons with a performance similar to that of the 1880 nm band.  
 
Figure 3.4.1: Comparison of CTH retrieved using the RSP 1880 nm band and 
CPL for the primary peak (top left), 2nd peak (top middle) and 3rd peak (top 
right) with their associated error distributions immediately below each 
scatterplot. 
 
Figure 3.4.1 to Figure 3.4.3 show direct comparisons of RSP-retrieved CTH for 
the first, second and third correlation peaks with the corresponding CPL layer top 
heights for the 1880 nm, 670 nm and dual band results, respectively. Figure 3.4.1a 
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shows that the primary layer heights retrieved with RSP’s 1880 nm band correlate well 
with the corresponding CPL heights. There is a cluster of points where the RSP senses 
cloud layers at a high altitude while the CPL sees low-lying layers, with a difference of 
about 10 km. This mismatch occurs primarily when the CPL is seeing through small 
spaces in a cloud, which are too small for the RSP to see through or near cloud edges. 
CPL has classified this group of points primarily as low-lying aerosol layers. Note that 
the 1880 nm band is located at a strong water vapor absorption band and not able to 
see deep into the atmosphere, particularly for the moist atmospheres observed during 
SEAC4RS, but is able to sense some high cirrus down to optical depths of ∼ 0.01. The 
RSP is capable of observing optically thin aerosol layers. The error distribution (Figure 
3.4.1d) shows a symmetric narrow peak centered slightly off-zero. The full width at 
half maximum (FWHM) of the distribution is about 1.8 km. The comparison for the 
CTH associated with the second correlation peak (Figure 3.4.1b) has a similar shape 
but is more dispersed than the primary peak. This is apparent in the error distribution 
which is symmetrical, with little bias, but has a broader distribution than that associated 
with the primary layer heights, with a FWHM of 3.4 km. The third peak (Figure 3.4.1c) 
has a very similar spatial pattern as the second peak, but its error distribution (Figure 
3.4.1f) is no longer centered on zero bias, is more asymmetric and has a large FWHM 
of 7.5 km.  




Figure 3.4.2: Same as Figure 4, but for the 670 nm band results. 
 
 
Similarly, Figure 3.4.2 shows the comparison of the results using the 670 nm 
band with the CPL layer top heights. Again, the primary layer heights (Figure 3.4.2a) 
agree well with the corresponding CPL heights, although there are a number of cases 
where the CPL senses high-altitude clouds while the RSP’s 670 nm band detects low-
lying features. This occurs when the CPL attenuates at a high altitude, but the RSP 
senses a strong low-lying feature. The higher feature may be distinguished in the 
670 nm band’s second or third layer heights. The corresponding error distribution 
(Figure 3.4.2d) shows a centered, narrow and symmetric distribution with a FWHM of 
2.0 km, which is slightly broader than seen for the 1880 nm results (Figure 3.4.1). 
However, there is a negative tail in the distribution resulting from the cases where RSP 
detects low-lying features while CPL detects higher clouds. The CTH comparison for 
the second correlation peak (Figure 3.4.2b) shows good agreement between RSP and 
CPL CTHs, although the RSP senses many more low-lying features and because of this 
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the error distribution (Figure 3.4.2e) is asymmetric, with a negative offset from center, 
and has a relatively large FWHM of 3.2 km. The third peak (Figure 3.4.2c) gives similar 
results to those found for the second peak, but the error distribution (Figure 3.4.2f) 
has an even more pronounced asymmetry along with a very broad FWHM of 7.0 km.  
 
Figure 3.4.3: Same as Figure 4, but for the dual band results. 
 
Figure 3.4.3 shows the comparison of RSP’s dual band results to the closest 
CPL layer top heights. For the primary peak (Figure 3.4.3a), good agreement is seen 
with points clustered along the 1:1 line along with two sets of outliers where the RSP 
senses high-altitude layers while the CPL senses low layers and vice versa. The error 
distribution (Figure 3.4.3d) shows a narrow peak nearly centered around zero and is 
symmetric. The FWHM of the distribution is 1.3 km. Again, the second and third peak 
comparisons are more dispersed, asymmetric and broader than the 1880 nm band 
results with FWHM values of 2.1 and 6.2 km, respectively. The dual band is included 
in our analysis with the aim of combining the strength of the 1880 band to sense high 
thin cirrus with the capability of the 670 nm band to retrieve the heights of lower layers. 
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Comparing Figure 3.4.3 to Figure 3.4.1 and Figure 3.4.2 shows that indeed the strengths 
of the two channels are well combined. However, the biases of the 1880 and 670 nm 
towards high and low layers, respectively, as compared to the CPL are also apparent in 
the dual band results.  
3.4.2 Number of  cloud layers  
The frequencies of scenes for which the first, second and third layers are 
detected by the RSP’s 1880 nm, 670 nm and dual bands are given in Table 3.2 along 
with the corresponding percentages of layers that CPL senses in the same cases. For 
example, for the 1880 nm band, RSP observes a single cloud layer 68 % of the time, 
and for these scenes the CPL sees a single layer 51 % of the time, while detecting 
multiple layers for 47 % of these cases. For only 1 % of these cases does CPL not 
detect any layers. Generally, cases with multiple cloud layers are seen by RSP at a rate 
of about 30–40 % of the time, with about double the probability of detecting two-layer 
scenes than three-layer ones. For these multilayered cases, CPL generally detects 
multiple layers more often than in the cases where only a single layer is detected by 
RSP. However, still 40–44 % of the time only a single layer is detected by CPL while 
RSP senses multiple layers, and when RSP detects a single layer then CPL detects 
multiple layers 42–47 % of the time. The reason for this is likely the different methods 
involved in detecting multiple layers. CPL can observe vertical gaps within clouds but 
cannot see through thick clouds, while RSP can see below thick clouds because it is 
viewing them from the side but cannot see gaps within a single cloud layer. Overall, a 
similar performance is seen for all band configurations, although RSP results from the 
dual band agree somewhat better with the number of layers detected by CPL than 
results for the two single bands.  






Corresponding CPL Layers 
 0 1 2 3 4 5 
1880 nm band 1 layer 68 1 51 29 13 4 1 
2 layer 21 0 42 32 17 2 1 
3 layer 11 0 41 33 17 1 0 
670 nm band 1 layer 66 1 52 28 12 4 1 
2 layer 21 0 44 32 15 2 1 
3 layer 13 0 42 31 16 1 0 
Dual band 1 layer 60 1 57 27 10 4 1 
2 layer 25 0 43 33 16 2 1 
3 layer 15 0 40 33 17 2 1 
Table 3.2: 1880 nm band RSP cloud layer percentages compared with CPL. 
 
3.4.3 Nadir template attributes  
Variation in intensity within the nadir template (R0) and the template width 
(NR) is an important aspect possibly affecting the correlation profile for a given pixel 
(Eq. 3.1). Figure 3.4.4a shows mean absolute error of each band as a function of the 
template pixel width NR. An increase in error can be seen for each band when the 
template width is less than 9 pixels. The 1880nm band’s error remains relatively 
constant for templates of width 9 or more, but the dual band configuration experiences 
a slight decrease in error with increasing template width. For second and third layers, 
both the 670 nm band and 1880 nm bands experience increases in error with increasing 
template width. The dual band configuration shows an overall reduction of error with 
increasing template width. For the analysis in this paper the template width is chosen 
to be 17. Based on Figure 3.4.4a results are not expected to be substantially different 
when other template width are chosen. For a template width of 17, Figure 3.4.4b shows 
how the variance of the 1880 nm band signal in the template is related to the accuracy 
of the retrieval for the primary layer height. This shows the mean absolute error of the 
primary layers height for the 1880 nm band. It can be seen that there is a general 
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decrease in error associated with increasing template variance, out to about 0.00012 in 
variance where the reduction in error levels off. A noticeable increase in error can be 
observed for the lowest value of variance where the error increases by about 300 m 
compared to the adjacent value.  
 
 
Figure 3.4.4: (a) RSP CTH error and nadir template width for the 1880 nm band 
(blue), 670 nm band (green) and the dual band (red). The first, second and third 
layers are shown as stars, triangles and diamonds, respectively. (b) Absolute 
CTH difference and template variance. 
 
3.4.4 Correlation value  
It is expected that the correlation strength of a given peak as calculated by Eq. 
(1) is related to the accuracy of the retrieved height. The effects of correlation value on 
the overall accuracy of the approach is investigated here. All RSP-retrieved CTH’s 
between 1.0 and 17.5 km are considered. For layer CTHs detected using primary, 
second and third correlation peaks, Figure 3.4.5a shows the accuracy for 0.05-wide bins 
of correlation values. Figure 3.4.5b shows the number of points that are included in 
each of the analyses.  




Figure 3.4.5: RSP CTH error (a) and number of samples (b) versus correlation 
cutoff for the 1880 nm band (blue), 670 nm band (green) and the dual band (red). 
The 1st 2nd and 3rd layers are shown as stars, triangles and diamonds, 
respectively. 
 
Overall, it can be seen that lower correlation values result in less accurate CTH 
retrievals and that generally accuracy increases for all layers and bands as the correlation 
increases. The primary layer retrievals for all three bands increase in accuracy relatively 
quickly up to a correlation of about 0.45 beyond which there is little improvement in 
accuracy. For all bands, the second layer errors have a somewhat linear improvement 
in accuracy all the way up to a correlation value of 0.95. The third layers also show a 
general improvement as correlation increases, although the small number of points 
results in a noisy pattern. From this, it is apparent that the correlation value can be used 
as an indicator of retrieval uncertainty. Furthermore, filtering the results using a unique 
minimum correlation value for each of the peaks would improve the general level of 
accuracy, although at the cost of reducing the overall number of retrievals.  
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3.4.5 Cloud optical thickness  
 Here we investigate how the method performs for varying COTs. Passive 
sensors are typically less sensitive to optically thin clouds, so it is important to know 
the accuracy of the RSP’s ability to retrieve heights of clouds with low optical 
thicknesses. The CPL is capable of routinely sensing optically thin clouds and is able 
to accurately sense multilayered cloud scenes up to a total optical thickness of about 3. 
However, lidars are unable to sense cloud base of optically thick clouds or any clouds 
underneath. All of the comparisons start by using RSP-derived cloud heights; even as 
the layer optical thicknesses decrease, comparisons are only done when the RSP senses 
a layer, and there are likely instances not reflected in this assessment when CPL senses 
a thin layer that the RSP does not sense. For this part of the investigation, the baseline 
filtering described in Sect. 3.4.1 is used. Figure 3.4.6a shows the relation between the 
CPL optical thickness and the RSP cloud height error for all layers with calculated 
optical thicknesses. All bins are 0.25 wide except the last bin, which represents layers 
with optical thicknesses greater than 3.0. For the first layer, each of the bands’ errors 
remain relatively constant throughout the range of COTs even for layers with an optical 
thickness below 0.1. If the RSP detects a layer, even of low optical thickness, it is 
consistent in its ability to determine the layer’s height. There are many cases where CPL 
senses two or more layers and the mode separation difference is only 1 km, so it is 
possible that more than one CPL layer can be contributing to RSP’s retrieval. The 
errors have a slight, gradual increase with increasing optical thickness for the second 
and third layer. For clouds with optical thickness between 2.75 and 3.0, the difference 
between CPL and RSP heights is larger than for thinner clouds for all bands and layers. 
This increased difference between CPL and RSP cloud heights near the saturation 
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optical depth of the CPL may indicate that RSP detects layers below the saturation level 
of CPL. Interestingly, the difference between CPL and RSP heights is smaller again for 
CPL optical thicknesses above 3. In all cases, the number of points decreases 
exponentially up to an optical thickness of about 2.75 when more optically thick layers 
are observed, as seen in the right panel of Figure 3.4.6.  
 
Figure 3.4.6: RSP CTH error (a) and number of samples (b) versus CPL cloud 
optical thickness for the 1880 nm band (blue), 670 nm band (green) and the dual 
band (red). The 1st 2nd and 3rd layers are shown as stars, triangles and diamonds, 
respectively. 
 
3.4.6 Cloud top versus cloud middle  
 
Passive sensors detect photons that have been scattered from a range of depths 
within a cloud’s diffuse boundary. In order to investigate to which depths within the 
cloud layers the retrieved layer heights pertain, we present here a comparison of the 
RSP cloud layer heights using the 1880 nm, 670 nm and dual bands with the CPL’s 
cloud top and cloud middle heights. This part of the analysis only considers clouds 
where the CPL can sense both a top and bottom and is therefore limited to more 
tenuous clouds such that the CPL has not completely attenuated. Table 3.3 summarizes 
findings from the whole mission analysis.  
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1st Median Error [km] 0.58 0.42 0.74 0.54 0.61 0.45 
Mean Error [km] 1.05 0.86 1.69 1.41 1.21 0.98 
Np 114515 114515 110221 110221 119683 119683 
Std. Dev. 1.86 1.73 2.67 2.57 2.12 2.01 
Corr. Coeff. 0.87 0.88 0.81 0.81 0.87 0.87 
2nd  Median Error [km] 1.26 1.19 1.69 1.52 1.30 1.18 
Mean Error [km] 1.92 1.80 2.60 2.36 2.28 2.09 
Np 48883 48883 51812 51812 61961 61961 
Std. Dev. 2.79 2.67 3.29 3.19 3.25 3.14 
Corr. Coeff. 0.71 0.72 0.66 0.66 0.69 0.69 
3rd Median Error [km] 2.03 1.98 2.50 2.35 2.10 1.99 
Mean Error [km] 2.67 2.55 3.25 3.02 2.92 2.72 
Np 28493 28493 32766 32766 37577 37577 
Std. Dev. 3.58 3.45 3.77 3.67 3.70 3.56 
Corr. Coeff. 0.58 0.59 0.55 0.56 0.59 0.59 
Table 3.3: Summary of cloud top and cloud middle comparison. 
 
In all cases of mean and median error the RSP layer height corresponds more 
accurately with CPL cloud middle height. The median error for the primary peak of all 
bands corresponds to CPL cloud middle 160–200 m (about 26 %) more accurately than 
cloud top. The improvement is less pronounced for the second and third layers 
comparison for all bands, with improvements varying between 70 and 170 and 50 and 
150 m, respectively. Similar correlation coefficients are obtained as with the 
comparison to CPL cloud top (Table 3.2). The general observation that RSP cloud layer 
heights correspond to a height somewhere within the cloud layers accounts for at least 
part of the biases seen in Figure 3.4.1 to Figure 3.4.3.  
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3.4.7 Error versus CTH  
As apparent from Figure 3.4.1 to Figure 3.4.3, the accuracy of the retrieved 
CTHs depends on the CTH itself. This section examines how the retrieval error 
changes with cloud height. Figure 3.4.7a and b show the vertical distribution of mean 
and absolute differences, respectively, for each band’s first, second and third peaks 
against 1 km binned CPL heights. Figure 10c shows the number of points in each bin.  
 
Figure 3.4.7: RSP mean error (a) absolute error (b) and number of clouds (c) 
versus CPL CTH. 
 
Figure 3.4.7a shows that the RSP consistently overestimates the height of low-
lying clouds and underestimates the height of high clouds. Cloud top heights from 
about 14 to 17 km are underestimated in all cases. Qualitatively, the 1880 nm band 
largely overestimates the heights of clouds lower than 4 km, which is expected 
considering the reduced sensitivity of the 1880 band for the lower atmosphere. Figure 
10b shows that low-lying clouds are well retrieved by the 670 nm and dual band ranging 
from ∼ 1 to 5 km for all layers. All bands have good ability to resolve CTH at midrange 
altitudes between 5 and 9 km. For CTH higher than 9 km, the performance of each 
band generally decreases with increasing height in the atmosphere, with the 1880 nm 
band being the most accurate, followed by the dual band. Qualitatively, the 1880 nm 
band seems well suited to estimate CTH’s from 4 to 17 km and the 670 nm band seems 
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best suited to estimate CTH’s from 1 to 13 km. The dual band is accurate over a 
broader range (1–16 km) than either individual band, although it underperforms when 
compared to the 1880 nm band for the highest clouds.  
3.4.8 Optimized performance example  
Using the previous analyses, filters are implemented that use the strengths 
identified for each band. In Sect. 3.4.4, it was determined that in order to maximize the 
number of layer height retrievals, no minimum correlation threshold is used for the 
primary peak. Based on results shown in Figure 3.4.4, for the second layer height, 
minimum correlation values of 0.3, 0.4 and 0.2 are chosen for the 1880 nm, 670 nm 
and dual band, respectively. For third-layer detection, minimum correlation of 0.5, 0.7 
and 0.5 were chosen for the 1880 nm, 670 nm and dual band, respectively. This results 
in maximum errors of about 3 km for second and third layers for all bands. Based on 
results in Sect. 4.5, no minimum threshold on COT is implemented. According to 
findings shown in Sect. 4.6, the RSP CTH value is compared to CPL’s cloud middle 
for all bands. In cases where no cloud bottom is determined by CPL, the comparison 
is done to CPL cloud top. From Sect. 4.7, we restrict comparisons for the 1880 nm, 
670 nm and dual bands to 4–17, 1–13 and 1–16 km, respectively. Table 3.4 summarizes 
the variables used for the 1880 nm, 670 nm and dual bands.  
 
 1880 nm 670 nm Dual 
Cloud Top or Middle Middle Middle Middle 
Minimum COT 0.0 0.0 0.0 
Minimum cloud height 4.0 km 1.0 km 1.0 km 
Maximum cloud height 17.0 km 13.0 km 16.0 km 
1st Peak Minimum Correlation 0.00 0.00 0.00 
2nd Peak Minimum Correlation 0.30 0.40 0.20 
3rd Peak Minimum Correlation 0.50 0.70 0.50 
Table 3.4: Filters used for the optimal performance example. 




Using these values to filter layer detection, the median error, mean error, 
number of points, standard deviation and correlation coefficient were calculated for 
each band over the eight flights used in this comparison and are summarized in Table 
3.5.  
 
 1880 nm band 670 nm band Dual band 
1st 
 
Median Error [km] 0.43 0.55 0.45 
Mean Error [km] 0.98 1.45 0.98 
Np 109369 105783 121372 
Std. Dev. 2.03 2.59 2.02 
Corr. Coeff. 0.78 0.79 0.87 
2nd 
 
Median Error [km] 1.35 1.64 1.42 
Mean Error [km] 1.88 2.43 2.30 
Np 44851 30257 67863 
Std. Dev. 2.63 2.91 3.23 
Corr. Coeff. 0.59 0.59 0.63 
3rd Median Error [km] 1.96 2.58 2.12 
Mean Error [km] 2.29 3.05 2.68 
Np 12858 6254 11247 
Std. Dev. 2.90 2.87 3.13 
Corr. Coeff. 0.51 0.36 0.46 
Table 3.5: Summary of comparison with filters applied. 
 
 
Results for each of the bands show a better agreement with the CPL observed 
heights than the initial analysis shown in Table 3.1. In Table 3.5 it can be seen that the 
1880 nm band has the lowest errors of 0.43, 1.35 and 1.96 for the first, second and 
third layers, respectively. Overall, the errors associated with the 1880 nm and dual band 
are similar, while the 670 nm band yields somewhat larger errors for each layer. 
Compared to values listed in Table 3.1, the primary layer retrieval shows the largest 
improvement with CTH biases that are reduced by 150–190 m (26 %) for each band. 
For the second and third layers for each band improvements are mainly apparent in 
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the mean errors and standard deviation. In most cases, the primary and secondary layers 
retained nearly the same number of data points, while the third layer saw a significant 
reduction in points used in each band due to the higher minimum correlation threshold. 
The correlation coefficients were either equal to the initial retrieval or reduced. 
Comparing these results to other studies, MISR has been found to have an accuracy in 
detecting a single-layer CTH with a standard deviation of about 1 km when compared 
to MODIS and ground-based retrievals (Naud et al., 2007; Marchand et al., 2010). 
Naud et al. (2007) found the difference in CTH reduces to 0.35 km when only low-
lying liquid clouds are considered. Mixed-phase clouds were found to have differences 
of 0.4 km when compared to ground-based measurements above 5 km and 0.5 km 
when below 5 km. MISR- and MODIS-detected opaque ice clouds were found to have 
a difference of 0.3 km and cirrus clouds 1.2 km (Naud et al., 2007). Here, we show a 
high number of comparisons and observe similar results for the 1880 nm and dual band 
configurations and a lower accuracy for the 670 nm band.  
 
Figure 3.4.8: Comparison of CTH retrieved using the RSP 1880 nm band and 
CPL for the primary peak (top left), 2nd peak (top middle) and 3rd peak (top 
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right) with their associated error distributions immediately below each 
scatterplot. Here, filters detailed in Table 3.4 are applied. 
 
Figure 3.4.8 shows the 1880 nm band comparison of the first, second and third 
layers with CPL. For the primary peak (top left), a strong correlation can be seen. 
However, even with the improved filtering, some of the cases where RSP-retrieved 
cloud top height is higher than the CPL heights remain. The error distribution (left 
bottom) shows a narrow, symmetric peak that is closer to having a zero bias than seen 
in Figure 3.4.1. The FWHM of the distribution is about 1.6 km, which is an 
improvement from the results in Figure 3.4.1 (1.8 km). The second and third peak 
comparisons remain similar to results shown in Figure 3.4.1. Similarly, Figure 3.4.9 and 
Figure 3.4.10 show that comparisons of the results from 670 and dual band retrievals 
with CPL are less biased than results shown in Figs. 5 and Figure 3.4.3, but the tails of 
the distributions remain.  
Table 3.6 shows the average cloud heights over all eight flights obtained using 
each band and CPL, along with the mean and median cloud layer separation and 
number of points used in each case. It can be seen that the statistics largely agree with 
the CPL, especially for the dual band configuration.  
 
 1880 nm band 670 nm band Dual band CPL 
Mean Layer Height [km] 10.74 7.58 9.00 9.47 
Median Separation [km] 2.10 1.90 2.50 2.67 
Mean Separation [km] 2.47 2.54 3.38 4.35 








Figure 3.4.9: Same as Figure 10, but for the 670-nm band results. 
 
 












We presented a method of retrieving CTH using a multi-angular contrast 
approach that can be applied to every RSP footprint. The technique uses a cross-
correlation calculation between multiple viewing angles corresponding to cloud layers 
placed at specific altitudes. Local peaks in the calculated correlation profile as a function 
of height indicate the location of cloud layers. Multiple layers are identified by viewing 
through optically thin layers. From this, we demonstrated the method’s capability of 
retrieving multiple cloud layer heights within a single RSP footprint.  
The cloud height retrieval accuracies associated with the magnitude of the 
correlation metric, optical thickness and cloud height were explored. It was shown that 
each band maintained accuracy when retrieving cloud layer heights with very low 
optical thicknesses. It was found that RSP cloud layer height retrievals more accurately 
correspond to the CPL-derived cloud middle rather than cloud top. The 1880 nm band 
works best at middle and high altitudes (4.0 to 17 km), while the 670 nm band is best 
for low and middle altitudes (1.0–13.0 km). A dual band configuration that combines 
670 and 1880 nm measurement was found to be capable of retrieving cloud layer 
heights at altitudes between 1.0 and 16.0 km.  
The approach works best at consistently identifying a primary layer height and 
was shown to be capable of retrieving secondary and even tertiary layer heights in 
certain cases. Improved accuracy is achieved by using customized filtering techniques 
for each band and layer with the most significant improvements occurring in the 
primary layer retrieval for each band. Compared to CPL, RSP is able to measure a 
primary layer’s CTH with median error of about 0.5 km. In instances where a second 
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layer exists, the bands can measure the correct height with median errors ranging from 
1.35 to 1.64 km and third layer heights from 1.96 to 2.58 km. Our results suggest a 
general capability of multi-angular measurements for retrieving overlapping cloud layer 
heights.  
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Clouds and their optical property changes in response to aerosols constitute the largest 
uncertainty in our understanding of 20th century climate change. We present an 
investigation that determines linkages between remotely-sensed marine cloud 
properties with in situ measurements of cloud condensation nuclei (CCN) and 
meteorological properties obtained during the North Atlantic Aerosols and Marine 
Ecosystems Study. The first two deployments of this campaign have geographically 
similar domains but occur in different seasons allowing the response of clouds to a 
range of CCN concentrations and meteorological conditions to be investigated.  
Well-defined connections between CCN and cloud microphysical properties 
consistent with the indirect effect are observed, as well as complex, non-linear 
secondary effects that are partially supported by previously supported mechanisms. 
Using the Research Scanning Polarimeter’s ability to remotely observe the effective 
variance parameter, correlation is found with liquid water path. Contrary to some 
model parameterizations, no link is found with droplet concentration. In general, cloud 
macrophysical properties are found to better correlate with atmospheric state 








Aerosol-cloud interactions refer to changes in cloud condensation nuclei 
(CCN) that modulate cloud microphysical and macrophysical properties. Many 
mechanisms of aerosol-cloud interactions have been identified (Lohmann and Feichter, 
2005; Fan et al., 2016), including the “cloud albedo effect” or first indirect effect. This 
effect relates an increase in CCN to an increase in cloud droplet number concentration 
(Nd), which leads to changes in the radiative properties of the cloud (Twomey, S., 1977). 
For a fixed liquid water content, the increase in CCN also results in smaller cloud 
droplets. 
While the effect on increased CCN on Nd and droplet size has been well 
established (King et al., 1993; Platnick and Twomey, 1994; and Platnick et al., 2000), 
effects on other cloud properties are more uncertain. For instance, the effect of 
increased CCN and Nd on the effective variance (veff) or width of a cloud droplet size 
distribution has yielded conflicting results with some studies finding that veff increases 
with Nd, (Martin et al., 1994; Ackerman et al., 2000), while other studies have found the 
opposite relation (Miles et al., 2000; Lu and Seinfeld 2006; Liu & Daum, 2002). 
Furthermore, an increase in droplet number concentrations has been shown to increase 
or decrease cloud liquid water path and cloud cover, depending on boundary layer 
humidity (Ackerman et al., 2004). Studies have found cases where increased Nd are also 
associated with an increase in cloud vertical extent (Christensen and Stephens, 2011), 
which may partially result from decreased entrainment (Ackerman et al., 2004). 
Conversely, other cases have been documented where increased entrainment leads to 
cloud thinning (Wood, 2007). Such secondary indirect effects can amplify or diminish 
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the first indirect effect of aerosols on radiative fluxes. All secondary effects of CCN on 
cloud albedo are collectively termed the Effective Radiative Forcing due to aerosol-
cloud interactions (ERFaci; Albrecht, 1989; Liou and Ou, 1989; Pincus and Baker, 
1994). 
Radiative forcing due to changes in cloud properties in the remote and 
unpolluted marine atmosphere is particularly sensitive to changes to CCN (Twomey, 
1991; Wood, 2005). Several regional studies suggest that changes in marine CCN 
concentrations are related to variations in dimethlysulphide (DMS; Charlson et al., 
1987; Andreae et al., 1995; Hegg et al., 1991; Sanchez et al., 2018). These variations in 
marine boundary layer DMS have long been linked to a seasonal cycle in phytoplankton 
activity, which is highly variable in time and location (Bates et al., 1998; Quinn et al., 
2000, 2014). The North Atlantic annual phytoplankton cycle correlates with insolation 
and is initiated by deep water mixing explained through the “dilution–recoupling 
hypothesis” (Boss & Behrenfeld, 2010). Previous studies have found various linkages 
between marine aerosols and cloud properties (e.g., Gultepe et al., 1996; O’Dowd et 
al., 1999; Raga et al., 1993; Twohy et al., 2005). However, due to the complexity of 
interactions involved, the magnitude and sign of these feedbacks remain uncertain.  
We present an investigation that determines linkages between remotely-sensed 
marine cloud properties with in situ measurements of cloud condensation nuclei and 
meteorological properties obtained during the North Atlantic Aerosols and Marine 
Ecosystems Study (NAAMES; Behrenfeld et al., 2019). Cloud properties are retrieved 
from measurements by the airborne Research Scanning Polarimeter (RSP). Within the 
investigation, emphasis is placed on covariation between our remotely-sensed veff 
parameter with CCN, Nd and LWP because of RSP’s unique ability to remotely sense 
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the effective variance and the uncertainty associated with its covariability from prior 
studies (Miles et al., 2000). We assess the extent that marine aerosols impact cloud 
properties to determine which existing concepts are supported by our observational 
study. Meteorological effects are investigated in an attempt isolate the primary drivers 
of cloud properties. We integrate our findings and discuss plausible secondary linkages 
between aerosol, cloud and meteorological properties within the context of existing 
concepts. 
4.2 Data 
NAAMES is a multi-year NASA-led ship and aircraft campaign that took place 
in the North Atlantic Ocean, roughly east of Newfoundland, Canada. One of the 
primary objectives of the campaign is to study annual variations of phytoplankton 
biomass and to determine how marine aerosols and clouds are influenced by plankton 
ecosystems in the North Atlantic. The remote marine location offers an excellent 
region to explore cloud property changes in a relatively non-polluted environment 
(Behrenfeld et al., 2019). Here, we use the first two deployments that correspond to 
the minima and maxima in the phytoplankton lifecycle, which provides the largest 
contrast in ocean and atmosphere conditions. NAAMES-1, during which the 
phytoplankton bloom was near its minimum, is characteristic of clean marine 
conditions, often influenced by cold air outbreak conditions. We use NAAMES-1 
scientific flight data from 11/12/2015 - 11/23/2015. NAAMES-2, which happened 
close to the phytoplankton bloom maximum, has higher CCN concentrations and is 
characteristic of a non-polluted marine atmosphere. We use NAAMES-2 scientific 
flight data from 5/18/2016 - 6/1/2016. During both campaigns, the NASA C-130 
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aircraft flew in situ and remote sensing legs in sequence, with the remote sensing legs 
flown at a nominal altitude of 6500 m. This study focuses on measurements made 
during cloud modules, which are events where the C-130 samples an area multiple 
times and at different altitudes, often flying above cloud top to make remote sensing 
measurements, through cloud to make in situ measurements as well as beneath cloud 
base to measure ocean surface and boundary layer properties (i.e., Behrenfeld et al., 
2019). Spatially, the sampled areas are typically smaller than 200 by 200 km and are 
sampled for approximately 1.5-2.5 hrs. Supplementary figures S1-S12 show MODIS 
Aqua imagery for each science flight with overlain C-130 flight paths. It is important 
to note that using a single aircraft to sample cloud, aerosol and meteorological 
properties introduces temporal and spatial uncertainty in the comparisons. 
The C-130 was outfitted with a suite of remote sensing and in situ instruments 
that are used to characterize the ocean, aerosols, clouds and meteorological properties. 
Cloud properties of interest include Nd, effective radius (reff), veff, cloud optical thickness 
(τ), liquid water path (LWP) and cloud top height (CTH), which are retrieved from 
measurements by the airborne Research Scanning Polarimeter (RSP). Aerosol 
concentrations and chemical composition are measured using in situ aerosol 
instruments. Wind speeds and relative humidity (RH) measurements are also made 
using in situ probes. The broad range of instruments aboard the C-130 provide an 
excellent opportunity study aerosol, cloud and meteorological interactions. 
The RSP (Cairns et al., 1999) makes polarimetric and total intensity measurements 
in 9 spectral bands in the visible/near infrared and shortwave infrared. The RSP is an along 
track scanning instrument that makes 152 measurements at viewing angles spaced 0.8°, 
effectively sweeping about ±60° from nadir along the aircraft’s track. Multiple views of the 
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same location allow the RSP to observe the sharply defined polarized cloudbow feature 
originating from droplets near cloud top. From this, the size distribution can be retrieved 
from information in the relative shape of the cloudbow structure (Alexandrov et. al., 2012a). 
Here, the size distribution is assumed to be represented by a modified gamma function of 
which the effective radius, reff, and veff are retrieved. Since the retrieval is not based on the 
absolute intensity of the cloudbow feature, it is less affected by 3-dimensional (3-D) cloud 
structure, broken clouds, multilayered effects and above-plane cirrus and aerosol layers 
than techniques based on shortwave reflectance measurements (Nakajima and King 1990; 
Miller et al., 2018). Simulations show the polarimetric technique has a mean uncertainty of 
0.1 µm in reff and approximately 10% in veff (Alexandrov et. al., 2012b). Furthermore, 
comparisons with in situ measurements at cloud top have shown agreement better than 
1 µm for reff and in most cases better than 0.02 for veff (Alexandrov et. al., 2018). The 
retrieved size distribution allows the extinction cross-section to be derived, which along 
with the CTH (Sinclair et al., 2017), 𝜏, and the cloud physical thickness, H, allows Nd to be 
retrieved (Sinclair et al., 2019). The technique assumes a linearly increasing liquid water 
profile and Nd being constant through the depth of the cloud. Uncertainty in the 
conventional Nd retrieval approach is dominated by uncertainty in the reff retrieval, which 
scales to the power of 5/2 (e.g., Grosvenor et al., 2018), whereas the uncertainty in our 
polarimetric approach scales linearly. Cloud data is retrieved during 5 science flights during 
NAAMES-1, namely 11/12/2015, 11/14/2015, 11/17/2015, 11/18/2015, 11/23/2015 
and 6 science flights during NAAMES-2, namely 5/18/2016, 5/19/2016, 5/27/2016, 
5/28/2016, 5/29/2016, 5/30/2016. Science flights on 5/20/2016 and 6/1/2016 are 
omitted because of the lack of cloud retrievals while 5/26/2016 is not included because 
this day is largely characterized by multilayered cloud systems as identified by the MODIS 
multilayer flag, which adversely impacts the RSP Nd retrieval. 
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While the RSP is able to provide accurate cloud property retrievals, in situ 
measurements are required to accurately characterize colocated aerosol concentrations and 
meteorological conditions. We use CCN measurements made by the Droplet Measurement 
Technologies Streamwise Thermal Gradient Cloud Condensation Nuclei Counter (CCNC, 
Roberts & Nenes, 2005; Rose et al. 2008), which measures the CCN concentration over 
the water supersaturation range of 0.2-0.6%, binned in 0.05% increments, using Scanning 
Flow CCN Analysis (Moore et al., 2009). Aerosol mass composition measurements are 
made by the Aerosol Mass Spectrometer (AMS, Canagaratna et al., 2007), which measures 
accumulation mode aerosol sizes, has a lower bound detection limit of 0.002 µg m-3 and 
was operating with a 10 seconds measurement interval. CCN and AMS measurements are 
used from all the same days on which cloud measurements are made. CCN and AMS 
observations are averaged throughout the cloud modules when the C-130 is out-of-cloud 
and between 100 m and 2000 m, which is assumed to be representative of the boundary 
layer.  
3-D wind measurements are made using in situ wind probes on the C-130 and 
averaged to 5 Hz. Ambient RH measurements are made using a LICOR-7200 instrument. 
Here, we consider these measurements when the C-130 is out-of-cloud, and further 
separate these measurements into a lower layer between 100 m and 1400 m and an upper 
layer ranging from 1400 m to 3000 m. RH measurements are used from all days included 
in our analysis with the exceptions of 5/18/2016, 5/19/2016 and 5/27/2016 when the 
probes made few valid measurements. Lastly, precipitation measurements are made 
continuously from the R.V. Atlantis, which operated in the general area considered here, 
using a Vaisala WX520 Precipitation Sensor that measures precipitation using a 
piezoelectric sensor operating at 1 Hz and returning the rain rate quantity in mm hr-1. 




Despite having similar geographic domains, averages of cloud, aerosol and 
meteorological properties observed during NAAMES-1 and NAAMES-2 are 
distinctive and summarized in Table S1. CCN is measured at 0.35% supersaturation 
and the geometric mean is shown for CCN as well as Nd. Arithmetic mean values are 
shown for reff, veff, LWP, τ, CTH and H. The Student’s T-test is used to determine the 
probability that the group of observations from each campaign are from the same 
sample population and is shown in Supplementary Table S1 as the p-value. All of the 
changes between campaigns are found to be statistically significant except 
meteorological changes (𝜎g;  and RH) and the change in τ. 
Between campaigns, CCN concentrations increase substantially from 37 cm-3 
to 141 cm-3. Using the AMS a large variation in aerosol mass between campaigns is 
found, with an average aerosol mass of 0.09 µg m-3 during NAAMES-1 and 0.48 µg m-3 
during NAAMES-2 (Supplementary Fig. S13). 97% of the increase in aerosol mass is 
attributable to increases in sulfate and organic aerosol mass.  
Notable differences in cloud properties between campaigns include a 236% 
increase in Nd concentrations (14 to 47 cm-3), reff decreasing by 22% (13.7 to 10.7 um) 
while τ increases by only 1% (14.5 to 14.7). A moderate increase in veff from NAAMES-
1 to NAAMES-2 is found (0.062 to 0.066). A moderate decrease in the mean LWP 
from 114 g m-2 during NAAMES-1 to 86 g m-2 during NAAMES-2 is found, which 
corresponds to a decrease in average cloud physical thickness, from 1.78 km in 
NAAMES-1 to 1.04 km in NAAMES-2.  
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Considering atmospheric state parameters, the vertical wind speed’s variance 
(𝜎g; ) is found to have a small difference between campaigns, increasing from 0.144 m2 
s-2 during NAAMES-1 to 0.152 m2 s-2 during NAAMES-2. The near cloud top relative 
humidity has a 38% average during NAAMES-1 and a 33% average during NAAMES-
2. 
A plot detailing the covariation between remotely sensed Nd and boundary layer 
in situ CCN during the NAAMES-1 and -2 campaigns is shown in Fig. 1a. The plot 
shows daily geometric mean values of Nd and CCN for 11 science flights throughout 
the two campaigns. Variation in both properties is seen on daily and seasonal 
timescales. As expected from the Twomey Effect, the Pearson correlation coefficient 
(R) between Nd and CCN is strong and positive (R=0.92). This correlation exceeds a 
99.9% confidence threshold. Generally, Fig. 1a shows that Nd and CCN observations 
during the NAAMES-1 campaign in the fall are lower than those observed during 
NAAMES-2 in the spring. Using a least squares fit, it is found that 𝑁D = 	0.5 ∙𝐶𝐶𝑁>.x[ (shown as blue dashed line in Fig. 1a). Covariation between Nd and CCN is a 
central concept of aerosol-cloud interactions, however the slope of the relation is 
dependent on aerosol chemical composition as well as meteorological effects, which 
are discussed later. Measured CCN concentrations are dependent on the 
supersaturation that aerosols are exposed to by the CCNC and we find that correlations 
between Nd and CCN generally decrease when higher or lower supersaturations are 
assumed. For example, correlations between Nd and CCN of 0.91 and 0.49 are found 
at supersaturations of 0.45% and 0.25%, respectively. It also follows from the Twomey 
Effect that reff relates inversely to CCN as observed (R=-0.39, Supplementary Fig. S14). 
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As a proxy to cloud brightness, τ has a robust positive correlation with CCN that 
exceeds a 90% confidence threshold (R=0.54, Supplementary Fig. S15).  
Secondary effects that aerosols have on cloud microphysical properties are also 
investigated. Fig. 1b shows that throughout the 11 flights, veff is found to have a weak 
negative correlation with colocated CCN (R=-0.33) when measured at 0.35% 
supersaturation. Using a least squares fit, it is found that 𝑣(pp = 	0.19 ∙ 𝐶𝐶𝑁`>.;z 
(shown as blue dashed line in Fig. 1b). For CCN measured at supersaturations of 0.45% 
and 0.25% the correlation coefficients are also negative and varying from -0.33 to -
0.10, respectively. Thus, increased CCN concentrations result in smaller droplets with 
narrowing droplet size distributions.  
 
 
Figure 4.3.1: a) RSP Nd and in situ CCN geometric means and geometric 
standard deviations (bars) collected during cloud modules. b) RSP veff 
compared with in situ CCN. Star and diamond symbols represent data obtained 
during cloud modules during NAAMES-1 and NAAMES-2, respectively. 
 
Emphasis is placed on investigating relationships involving veff because the RSP 
is uniquely capable to make measurements of veff remotely and prior studies of veff are 
typically limited to in situ measurements made by cloud probes on aircraft while 
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profiling clouds. Fig. 2a shows observations of Nd and veff for NAAMES-1 including 3687 
unique observations of veff and Nd from 5 science flights. Both of these cloud retrievals 
are made simultaneously by the RSP allowing each retrieval to be compared instead of 
colocated mean values as discussed above. The dashed line shows a least squares fit 
described by the linear relation 𝑣(pp = 	0.05 ∙ 𝑁D`>.>[. The correlation is found to be 
-0.29. The statistical significance of each correlation in Fig. 2 exceeds the 95% 
threshold. Fig. 2b shows the same results except uses 19731 observations obtained from 
6 science flights during NAAMES-2 yielding a correlation coefficient of -0.06 and a linear 
relation best described by 𝑣(pp = 	0.18 ∙ 𝐿𝑊𝑃`>.[. Fig. 2c shows observations of LWP 
and veff for NAAMES-1. The correlation is found to be -0.31. Fig. 2d shows the same 
results except for NAAMES-2 and yields a correlation coefficient of -0.37. Although veff is 
assumed to be related to Nd  (Morrison and Gettelman, 2008), our results show a stronger 
relation between veff and LWP. However, the reason for the strength of the correlation 
remains uncertain and warrants further investigation. 
 




Figure 4.3.2 (a) Co-variability between Nd and veff observed during NAAMES-
1. Dashed line shows the least squares linear fit and stars indicate log mean veff 
value. (b) same as (a) except for NAAMES-2. (c) Co-variability between LWP 
and veff observed during NAAMES-1 (d) same as (c) except for NAAMES-2. 
Color scales are different for each plot. 
 
We further investigate correlations between cloud macrophysical properties 
and CCN and find only a weak correlation between CCN and LWP, (R=0.18, 
Supplementary Fig. S16) indicating that the dominant driver of LWP is unlikely CCN. 
Further, H and CCN have are anticorrelated (R=-0.53) implying a cloud thinning effect 
associated with increases in CCN. CTH and CCN have a similar anticorrelation (R=-
0.50). Supplementary Table S2 summarizes colocated properties, their correlation 
coefficients, degrees of freedom and whether it passes the statistical significance 
threshold at three levels. 
Meteorological conditions are investigated including 𝜎g;  and RH in order to 
make efforts towards determining additional influences and drivers of cloud properties. 
R=-0.29 R=-0.06 
R=-0.31 R=-0.37 
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Here, all days in the CCN-Nd analysis are used with the exceptions of 11/23/2015 and 
5/19/2016 when a low number of wind measurements were made in the boundary 
layer. 𝜎g;  is calculated from each science flight using measurements made in the lower 
atmospheric layer between 0.5 and 2.0 km as a measure of atmospheric instability. 
Mean 𝜎g;  throughout each day’s cloud module varies from 0.07 m2 s-2 on 11/18/2015 
to 0.65 m2 s-2 on 11/12/2015. Mean 𝜎g;  from the spring campaign has more variability 
than the fall campaign. A weak correlation is found between 𝜎g;  and Nd (R=0.25, 
Supplementary Fig.  S17). Throughout both campaigns, 𝜎g;  is found to most strongly 
correlate with LWP (Fig. 3a, R=0.74). When averaging RH measurements made in an 
atmospheric layer near the cloud top region between 1.5 and 3 km, a strong 
anticorrelation between RH and LWP is found (Fig. 3b, R=-0.67). Interestingly, this 
correlation is found to be robust with similar findings being observed in the boundary 
layer (Supplementary Fig. S19), as well as in many other atmospheric layers using a 
variety of vertical ranges (not shown). These findings support the notion that clouds 
microphysical properties respond to increases in CCN, while their macrophysical 
properties are less influenced changes in CCN. 
Precipitation measurements were made aboard the R.V. Atlantis and therefore 
incorporation of precipitation analysis is limited to science flights when the cloud 
module and ship were colocated. Days where the aircraft and rain gauge made 
colocated measurements include 8 of the 11 science flights from both campaigns, 
namely, 11/12/2015, 11/14/2015, 11/18/2015, 11/23/2015, 5/18/2016, 5/19/2016, 
5/26/2016 and 5/30/2016. From this, we find that Nov. 23rd, May 18th and 30th have 
mean rainfall rates greater than 0.03 mm hr-1 between 9.0 and 17.0 UTC, while little or 
no precipitation (<0.05 mm hr-1) is observed on remaining days (Supplementary Figs. 
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S21 and S22). Despite a relatively low number of comparison points (n=8), 
precipitation has an anticorrelation with LWP (R=-0.54, Supplementary Fig. S23). 
Interestingly, precipitation is found to have a strong positive correlation with veff 
(R=0.65). This increase in veff associated with precipitation could result from the RSP’s 
veff retrieval being affected by a bimodal cloud droplet size distribution that exists in 
precipitating clouds (Alexandrov et al. 2012a). We find a strong correlation (R=0.63) 
when we compare the Nd and LWPs from days when little precipitation was detected. 
A weak anticorrelation correlation between precipitation and 𝜎g;  (R=-0.31, 
Supplementary Fig. S24). Anticorrelations are also found with other cloud 
microphysical properties including Nd (R=-0.14) and reff (R=-0.32). A weak correlation 
is found between CCN and precipitation (R=0.26). 
 
Figure 4.3.3 : a) A positive correlation (R=0.74) is found between LWP and 
vertical wind variance. b) A negative correlation (R=-0.67) is found between 
near cloud top RH and LWP. Star and diamond symbols represent data 
obtained during cloud modules during NAAMES-1 and NAAMES-2, 
respectively. 
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4.4 Discussion and Conclusion 
A large increase in aerosol mass and CCN concentrations is observed between 
the NAAMES-1 and -2 campaigns. Sanchez et al. (2018) used a combination of radon 
concentrations, combustion tracers and back trajectories to determine that few aerosols 
originated from continents during NAAMES-1 and -2 with most aerosols having 
biogenic marine sources. These findings also agree with previous work that found that 
variances in marine CCN concentrations can be largely explained by DMS from a 
phytoplankton bloom over the North Atlantic Ocean (Cavalli et al., 2004; Yoon et al., 
2007) and in other oceanic basins (Andreae et al., 1995; Hegg et al., 1991; Charlson et 
al., 1987). 
The resulting cloud microphysical changes are found to be consistent with the 
Twomey effect whereby an increase in CCN concentrations result in an increase in Nd 
(R=0.92) and, with LWP remaining constant, a decrease in reff (R=-0.39) and an increase 
in τ (R=0.54; Twomey, 1977). CCN concentrations are found to have mean 
concentrations of 24 cm-3 during NAAMES-1 and 108 cm-3 during NAAMES-2. It 
follows that cloud properties exhibit a similar seasonality where Nd is 156% higher, reff 
is 23% lower and τ is 8% higher during the spring (NAAMES-2) when compared with 
the fall (NAAMES-1). 
Our analysis of NAAMES-1 and -2 cloud properties in combination with the 
analysis of aerosols by Sanchez et al. (2018) suggests that cloud microphysical 
properties over the North Atlantic Ocean are being influenced by the phytoplankton 
bloom, leading to a cloud brightening effect. However, meteorological differences 
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between the campaigns also play an important role and therefore, the magnitude of the 
cloud property changes due to biogenic activity remains uncertain. 
We now discuss plausible linkages from our results in context with relevant 
modeling and observational studies to determine which connections are supported by 
theory. We find that humid air surrounding the cloud top region (1.5 – 3.0 km) 
correlated negatively with LWP (R=-0.67), which is consistent with LES modeling 
studies that find dry air near cloud top enhances evaporative cooling and entrainment 
causing an increase in LWP, and conversely, moist overlying air is conducive to 
precipitation formation leading to decreased LWPs (Ackerman et al., 2004). This is also 
in agreement with a study of trade cumulus clouds that find that deeper cloud layers 
are associated with dryer boundary layers (Seifert et al., 2015). However, 𝜎g;  also 
correlates strongly with LWP (R=0.74). Therefore, a given LWP is likely a confluence 
of multiple parameters, such as near cloud top RH, precipitation and boundary layer 
turbulence. Although cloud cover is not studied here, Seifert et al. (2015) postulates 
that decreased cloud top relative humidity leads to increased evaporation of small 
clouds leading to a negative cloud lifetime effect. 
Increases in precipitation are found to be associated with decreases in LWP 
(R=-0.54; Supplementary Fig. S23). This finding is supported by Ackerman et al. (2004) 
who found precipitation dries out cloudy air in updrafts, reducing the moisture 
available for evaporative cooling of downdrafts leading to a reduction of LWP. 
Comparing the Nd and LWPs of non-precipitating clouds yields a strong correlation 
(R=0.63), which is consistent with theoretical understanding (Pincus and Baker, 1994) 
and LES simulations that have determined the dominant response of non-precipitating 
cumulus clouds to increases in Nd are increases in LWP (Bretherton et al., 2013; Seifert 
Chapter 4: Observations of Aerosol-Cloud Interactions During NAAMES      
 
147
et al., 2015; Stevens and Seifert, 2008). We also find that precipitating clouds are 
strongly associated with increases in remotely sensed veff (R=0.65). This increase in veff 
may be the result of RSP’s veff retrieval being simultaneously applied to cloud and rain 
droplet modes, which exists in precipitating clouds, resulting in an increased average 
veff. However, the low number of comparison points here necessitates further 
investigation into this finding, possibly using a rain sensing radar alongside RSP 
measurements. 
Our investigation found that veff has a stronger anticorrelation with LWP than 
with Nd. Contrary to our results, two leading global climate model parameterizations 
of veff either hold it as a fixed variable (Geoffroy et al., 2010), or diagnose it as a linearly 
increasing function of Nd (Morrison and Gettelman, 2008). Global climate models that 
parameterize veff may benefit from a focused study using RSP measurements of veff to 
create a realistic parameterization.  
Another common measure of the width of a cloud droplet size distribution that 
assumes a modified gamma distribution shape is the k parameter, which is defined in 
terms of veff as 𝑘 = (1 − 𝑣(pp)(1 − 2 ∙ 𝑣(pp). A k value of 0.8 is a commonly used in 
observational retrievals and global climate models as a fixed representation of the cloud 
droplet size distribution width (Grosvenor et al., 2018; Geoffroy et al., 2010). A k value 
of 0.8 corresponds to a value of veff of 0.07. From our analysis of veff, we find that veff is 
lower than 0.07 68% of the time. This implies that retrievals of Nd that use a k value 
of 0.8 would be generally overestimating Nd in this region (Grosvenor et al., 2018). 
Further, these findings also suggest that models using a fixed k value of 0.8 may be 
underestimating the brightness of clouds in this region 68% of the time (e.g., Geoffroy 
et al., 2010).  
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With the breadth of data available from NAAMES, future work could build off 
current findings by implementing a CCN-Nd closure budget using the Nd, CCN, 
updraft velocity and the development of a cloud droplet activation parameterization 
using speciated aerosols (e.g. Conant et al., 2004; Fountoukis et al., 2007). It is expected 
that using a regression model that accounts for aerosol chemical composition and 
activation saturation of CCN could partially explain unaccounted for variability in CCN 
measurements.  
It is expected that campaign studies like this lead to better understanding of the 
complex processes between marine aerosols, cloud properties and their associated 
feedbacks. This will enable an improved ability to accurately parameterize these small–
scale properties and processes over large temporal and spatial domains. This will reduce 
uncertainties associated with ACIs in GCMs, and thereby the uncertainty with the 
cloud radiative effect (Flato et al., 2013). Much needed global observations of plankton, 
aerosol and cloud properties are expected to be realized with the advent of space-based 
polarimetry, namely the Plankton, Aerosol, Cloud, ocean Ecosystem (PACE) Satellite, 
which is expected to contain a multiangular polarimeter payload and be launched in 
2022 (Werdell et al., 2019). This satellite will strengthen our understanding of processes 
linking aerosol sizes and chemical composition to clouds and their radiative properties. 
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CCN (cm-3) 37 141 0.000 
Nd (cm-3) 14 47 0.000 
reff (µm) 13.7 10.7 0.000 
veff 0.062 0.066 0.005 
τ 14.5 14.7 0.329 
LWP (g m-2) 114 86 0.000 
H (km) 1.78 1.04 0.000 
CTH (km) 2.45 1.62 0.000 𝝈𝒘𝟐  (m2 s-2) 0.144 0.152 0.907 
RH (%) 38 33 0.341 
Supplementary Table S1: Geometric mean values observed during NAAMES-1 
and NAAMES-2 of CCN measured at 0.35% supersaturation and Nd. Mean 
values shown for remainder. p-value measured between campaigns for each 
































































R n-2 >80% >90% >95% 
CCN - Nd 0.92 9 Yes Yes Yes 
CCN - reff -0.39 9 No No No 
CCN - veff -0.33 9 No No No 
CCN - τ 0.54 9 Yes Yes No 
CCN - LWP 0.18 9 No No No 
CCN - H -0.53 9 Yes Yes No 
CCN - CTH -0.50 9 Yes No No 
      
RHu - Nd 0.26 6 No No No 
RHu - LWP -0.67 6 Yes Yes No σã;  - Nd 0.25 8 No No No σã;  - LWP 0.74 8 Yes Yes Yes 
      
Nd - reff -0.44 9 Yes No No 
Nd - veff -0.45 9 Yes No No 
Nd - τ 0.51 9 Yes No No 
Nd - LWP 0.15 9 No No No 
      
Precip. - CCN 0.26 6 No No No 
Precip. - σã;  -0.31 6 No No No 
Precip. - Nd -0.14 6 No No No 
Precip. - LWP -0.54 6 Yes No No 
Precip. - reff -0.32 6 No No No 
Precip. - veff 0.65 6 Yes Yes No 
Precip. - τ -0.29 6 No No No 
      
No precip.       
Nd - LWP 0.63 2 No No No 
Supplementary Table S2: Correlation between CCN and cloud properties along 
with the degrees of freedom and statistical significance showing the 80%, 90% 

















Supplementary Figures S17-18: Vertical wind variance and cloud properties 
 
 




R = 0.25	σ	 = 0.15 − 0.0019 ∙Nd	 R = 0.74	σ	 = −0.66 − 0.22 ∙Nd	




Supplementary Figure S21-22: Average daily (0900-1700) precipitation rates 




Supplementary Figures S23-24: Precipitation and cloud properties 
 
  
R = −0.54	 P = 0.31 − 0.06 ∙LWP	 R = −0.31	 P = 0.07 − 0.09 ∙LWP	
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 Summary & Outlook 
 
5.1 Summary 
This dissertation sought to improve our ability to understand and predict the physical 
properties of clouds and their response to aerosols. A key component of addressing 
this challenge involved first improving our ability to accurately observe clouds. In this 
dissertation, I presented the development and evaluation of two techniques for 
observing cloud properties. Each of these techniques was found to have advantages 
when compared with traditional approaches. The second component of better 
understanding clouds’ response to aerosols was achieved through an observational 
investigation. Utilizing these cloud property retrieval techniques, in conjunction with 
other in situ and remotely sensed data, I undertook a broad investigation quantifying 
connections observed between aerosols, clouds and meteorology. I then integrated my 
findings and discussed plausible linkages between aerosol, cloud and meteorological 
properties within the context of existing concepts. 
I began this dissertation with the presentation of a polarimetric method of 
remotely sensing cloud droplet number concentration (Nd) that requires relatively few 
assumptions compared to existing approaches. The main assumptions required by the 
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approach are that Nd is constant through the depth of the cloud, the droplet 
size distribution follows a modified gamma distribution and the liquid water content 
increases linearly with altitude in the cloud layer. The technique was implemented using 
the airborne Research Scanning Polarimeter (RSP), which is capable of retrieving the 
three cloud properties that are required for inferring the cloud droplet number 
concentration, namely optical thickness, the extinction cross section and cloud physical 
thickness, almost independently. I demonstrated the capability of the new method 
using data from NASA’s NAAMES airborne campaigns and compared retrievals to in 
situ measurements. The NAAMES campaigns provided a wealth of data under various 
atmospheric conditions, for a variety of cloud types and included a range of aerosol 
loading from pristine oceanic conditions to a heavy presence of marine aerosols. This 
variety allowed my retrieval to be rigorously studied over a range of meteorological 
conditions and cloud types. Validation of the technique was accomplished using in situ 
measurements from NAAMES and revealed that the independent retrievals compare 
well with the polarimetric approach (Pearson correlation constant R=0.96).  
However, inherent uncertainties exist when comparing measurements made at 
different locations and times within a dynamical system. This was found to be 
particularly relevant for the cloud thickness evaluation where spatial and temporal 
differences between the relatively few in situ and ceilometer measurements were 
evident. 
I then conducted an assessment of cloud top height retrievals using a 
multiangular instrument. The retrieval is based on the concept of parallax. By 
comparing measurements to the Cloud Physics Lidar (CPL), the innovative technique 
was found capable of determining the presence and heights of up to three cloud layers, 
Chapter 5: Summary & Outlook      
 
157
which is unique for a passive remote sensing instrument. The technique was found to 
work well even with optically thin clouds (𝜏 > 0.1). In cases where the CPL could 
detect the cloud top and bottom (i.e. 𝜏 < 3), it was found that the RSP derived cloud 
layer heights were found to generally correspond to CPL cloud middle height. This 
analysis also supported the Nd retrieval presented in chapter 2 since accurate 
determination of cloud layer height is an important part of my technique for retrieving 
the cloud physical thickness. Specifically, uncertainty in the cloud top height leads to 
uncertainty in the cloud top temperature, temperature profile and saturated vapor 
mixing ratio, which are used to calculate cloud thickness. From this cloud top height 
study, it was estimated that the RSP can measure cloud top with a mean accuracy of 
100m. This translates into an expected error in the lapse rate of 15%, which leads to a 
± 5% uncertainty in cloud thickness and droplet concentration. 
My final investigation used these new cloud property retrievals to explore 
linkages between remotely-sensed marine cloud micro- and macro-physical properties 
and in situ measurements of CCN, aerosol mass and composition obtained during the 
North Atlantic Aerosols and Marine Ecosystems Study. I observed several well-defined 
connections between cloud microphysical property changes and marine biogenic 
aerosol concentrations. Changes in cloud properties were found to be consistent with 
the Twomey effect. I emphasized evaluating relationships between the remotely-sensed 
effective variance (veff) parameter with CCN and Nd because of the RSP’s unique ability 
to remotely sense veff. I found a linear dependency between veff and liquid water content. 
I also observed complex, non-linear secondary effects that aerosols and meteorology 
had on cloud properties such as cloud thinning and increases in liquid water path. I 
concluded by integrating my findings and discussing plausible linkages between 
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plankton, aerosol, cloud and meteorological properties within the context of existing 
concepts. 
5.2 Outlook 
Looking towards the future, accurate global observations of Nd using satellite remote 
sensing would have a profound significance in several areas of climate research. These 
measurements would offer far broader spatial and temporal coverage compared to in 
situ and airborne remote sensing measurements, allowing for more comprehensive 
studies of cloud properties as well as their response to aerosols. Building off such 
studies will allow Nd to then be better constrained in global climate models, ultimately 
reducing uncertainties associated with cloud radiative forcing and aerosol-cloud 
interactions. 
This future could be realized as early as 2022 with the launch of NASA’s 
Plankton, Aerosol, Cloud and Ocean Ecosystem (PACE) satellite (Werdell et al., 2019). 
This satellite is expected to house two polarimeter payloads, which will enable a Nd 
retrieval to be implemented based off the technique I presented in this dissertation. 
The two polarimeters are the Spectro-polarimeter for Planetary Exploration 
(SPEXone; Hasekamp et al., 2019) and the Hyper Angular Research Polarimeter 
(HARP-2; Martins et al. 2018). The SPEXone will have 2.5 by 2.5 km ground pixel size 
with a ±4º swath enabling global coverage within approximately 30 days. The HARP-
2 has a 3 km ground pixel size with ±47º swath allowing for global measurements every 
2 days. HARP-2 is a high angular resolution instrument with 60 viewing angles in the 
670 nm band allowing for polarimetric cloud droplet size distribution measurements 
(Werdell et al., 2019). SPEXone measures at only five angles, but can measure the 
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oxygen A-band using polarimetry, which will enable the cloud thickness to be retrieved 
using a technique similar to the one presented here. I discuss this in more detail below.  
Improved estimates of cloud geometrical thickness would benefit the droplet 
concentration retrieval. The SPEXone polarimeter aboard the PACE satellite can 
measure oxygen in a polarized band from multiple angels allowing a technique similar 
to the one I presented in this paper to be implemented. This approach is expected to 
increase the accuracy of the cloud thickness retrieval because it uses absorption by the 
well-mixed gas oxygen. Compared to oxygen, water vapor is highly variable within the 
atmosphere and assumptions about its atmospheric profile are needed in the Nd 
retrieval presented here. The method works by comparing the ratio of spectral 
backscattered oxygen A-band measurements. The mean photon path length within the 
cloud can be determined, allowing for cloud physical thickness to be approximated. It 
should be noted that the RSP does not have an oxygen A-band channel, which 
precluded this from being investigated in this dissertation. Prior studies using 
radiometric observations of the oxygen A-band have demonstrated part of the concept 
(Ferlay et al., 2010; Rozanov & Kokhanovsky, 2004).  
A promising application of the multiple cloud layer height retrieval technique 
presented in this dissertation would be to implement it to the Multi-angle Imaging 
SpectroRadiometer (MISR; Marchand et al., 2007) instrument, which is aboard NASA’s 
Terra satellite. MISR uses the same concept of photogrammetry using 9 viewing angles 
at a spatial resolution of 250 m (Diner et al., 1999; Marchand et al., 2007; 2010). The 
concept presented in this dissertation would be similar, although, the feasibility of 
applying the technique to a space-based instrument with fewer viewing angles would 
need to be investigated. For example, wind speeds would need to be taken into account 
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since MISR takes several minutes to image the same point across all viewing angles. 
This is not something I investigated here. Using this multiple cloud layer height 
detection technique would allow global retrievals of to be back-processed for the whole 
MISR dataset, which dates back to 1999 when Terra was launched. For multi layered 
conditions, MISR generally retrieves the height of the cloud layer with the highest 
contrast, which is most often the lower liquid cloud (Naud et al., 2002) so higher 
optically thin layers often go undetected. It follows that if this technique is successfully 
implemented, I expect it to detect additional high-altitude optically thin clouds.  
The ability to retrieve multi-year cloud heights would be beneficial to cloud 
feedback studies since multilayered clouds commonly occur and detecting their 
presence and height is important to determine their radiative properties. The high-
cloud feedback is estimated to contribute 0.5 W m–2 °C–1 of positive longwave feedback 
(Zelinka and Hartmann, 2010). Determining the presence and height of high clouds 
important to assess this feedback, but this has long been an issue for passive remote 
sensing instruments (Boucher et al., 2013). Although this feedback is predicted by 
models, the observational record has offered limited support of this feedback. Lastly, 
detecting the presence and altitude of high level clouds would also help models estimate 
the correct phase of clouds using a temperature profile. Modeling the correct phase of 
a cloud has important implications for the radiative properties of clouds (Waliser et al., 
2009). 
Many aspects of this dissertation focused on air campaign studies. These 
campaign studies provide the high temporal and spatial resolution measurements 
needed to better understand the complex processes between marine aerosols, cloud 
properties and their associated feedbacks, which is central to addressing uncertainty in 
Chapter 5: Summary & Outlook      
 
161
the effective radiative forcing due to aerosol cloud interactions. These studies also 
enable accurate parameterizations of small–scale properties and processes over large 
temporal and spatial domains. Future campaigns are necessary to continue these 
process studies, support new sensor development and calibrate and validate new 
satellite data products. NASA’s upcoming Aerosol Cloud Meteorology Interactions 
over the Western Atlantic Experiment (ACTIVATE; Kleb, 2019) campaign will 
employ two aircraft to simultaneously make in situ and remote sensing measurements, 
including the RSP, which will greatly reduce colocation uncertainty and increase the 
amount of data available for comparisons. Using cloud, aerosol and meteorological 
data from this campaign would also allow a cloud droplet number concentration 
closure budget to be undertaken (e.g. Conant et al., 2004; Fountoukis et al., 2007), 
which would further enhance our ability to understand and model Nd. 
5.3 Closing Thoughts 
I will conclude my dissertation sharing some final thoughts. Reflecting back on 
Twomey’s simple climactic equation 1.1 we recognize that it’s elegance comes at the 
cost of simplifying Earth’s vast and complex natural phenomena. Since then, climate 
scientists have embarked on a long path of reductionism (used in the methodological 
sense), continuously disassembling parts of the Earth system and attempting to 
reassemble it through a series of parameterizations, often separating the system into 
continuously finer pieces. Indeed, the list of aerosol cloud interactions has grown 
increasingly broad while at the same time attempting to assess the impact of each 
component in isolation has become increasingly difficult. To what avail? Are we not 
still faced with many of the same questions as Twomey? Adopting a new methodology, 
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shifting towards a more Newtonian approach by considering system wide behavior 
may prove effective. The co-variability of processes we observed in this dissertation 
can be investigated by integrating and assessing their impact as a whole. Many of these 
effects interact and compensate one another, rarely acting in isolation. Examinations 
of all ACIs amongst global models have shown a linear forcing between global aerosol 
emissions and global mean ERFaci (Stevens, 2015; Rotstayn et al., 2015; Kretzschmar 
et al., 2017). We may find that adopting this integrated approach of considering co-
variability within aerosol-cloud interactions to be simplified yet effective approach. I 
hope that the work presented in this dissertation supports this approach and positively 
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 𝐴   Albedo 𝛽  Increasing function of dispersion 𝛽(45  Extinction coefficient 
cm  Centimeter 
h  Distance above cloud base 𝐻  Cloud physical thickness 
I  First parameter of the Stokes polarization vector 𝐼∘   Solar irradiance  𝐿e  Liquid water content 
m  Meter 𝑛  Droplet size distribution function 
Nd   Cloud droplet number concentration  
Neff  Effective droplet number concentration 
Q   Second parameter of the Stokes polarization vector 𝑄(  Extinction efficiency 𝑄H  Absorbing efficiency 𝑄I  Scattering efficiency 
Qeff  Effective extinction efficiency 𝑟(  Effective radius 𝑟  Mean radius 𝑟  Radius 
R  Total reflectance 
Rad  Radian  
Rp  Polarized reflectance  𝑆∘   Incoming shortwave radiation 𝑇(  Effective temperature 
U  Third parameter of the Stokes polarization vector 𝑣(  Effective variance 
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V  Fourth parameter of the Stokes polarization vector 𝜔   Single scattering albedo  
W  Watt  𝑥   Size parameter 
 Δ´  Shape Metric Δ²  Mean metric 𝜀  Dispersion 𝜋  Pi 𝜆  Wavelength µl   Cosine of the solar zenith angle 𝜏  Optical thickness 𝜌g  Density of liquid water 
µm  Micrometer 𝜎  Boltzmann constant 𝜎I  Standard deviation 𝜎(  Extinction cross section 𝜎(  Mean droplet extinction cross-section 𝜎H  Absorption cross section 𝜎I  Scattering cross section 
 
Acronym Description 
ACI  Aerosol-cloud interaction 
APS  Aerosol Polarimetry Sensor 
CALIOP Cloud-Aerosol Lidar with Orthogonal Polarization 
CALIPSO Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observations 
CCN   Cloud Condensation Nuclei  
CRE  Cloud radiative effect 
CERES  Clouds and the Earth’s Radiant Energy System 
CDP   Cloud droplet probe 
CMIP  Coupled Model Intercomparison Project 
CPL   Cloud Physics Lidar  
ERFari  Effective radiative forcing due to aerosol radiation interactions 
ERFaci  Radiative forcing due to aerosol cloud interactions 
ERFari  Radiative forcing due to aerosol radiation interactions 
GCM   Global climate model 
GISS  Goddard Institute for Space Studies 
HSRL  High-spectral resolution lidar 
IPCC   Intergovernmental Panel on Climate Change 
ISCCP  International Satellite Cloud Climatology Project  
Lidar  Light detection and ranging 
LWR  Longwave Radiation 
mrad    Milliradian 
MISR   Multi-angle Imaging SpectroRadiometer  
MODIS Moderate Resolution Imaging Spectroradiometer 
NAAMES  North Atlantic and Marine Ecosystems Study  
        
 
166
ppm   parts per million 
PR  Precipitation 
RFari  Radiative forcing due to aerosol-radiation interactions 
RLUT  Outgoing longwave radiation 
RSP   Research Scanning Polarimeter 
SEAC4RS  Studies of Emissions and Atmospheric Composition, Clouds and 
Climate  
Coupling by Regional Surveys 
SW CRE Shortwave cloud radiative effect 
SWR  Shortwave Radiation 
TAS   Surface air temperature 
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